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SUMMARY

This report presents the results of a two-year cooperative effort between

SBRC and Stanford University to study the surface and surface region of HgCdTe.

Tasks were followed which focused on four areas: (1) study of the atomically

clean surface produced by cleaving HgCdTe in ultra-~high vacuum (UHV); (2) study

of the oxygen chemistry of this surface, particularly the role played by de-

fects; (3) composition studies of natural oxides, anodic oxides, and deposited

SiOz;

and (4) study of the electrical properties of passivated interfaces.

Principal results are outlined below.

1.

It was established that the surface is very sensitive to both surface
and bulk defects, and that the surface must be understood in the con-
text of bulk damage.

® established the inherent stability of "undamaged” HgCdTe surfaces at
room temperature (RT), Hg vapor pressure less than 10-1% Torr.

® established that Hg vapor pressure above HgCdTe is very sensitive to
surface damage and crystal quality.

e working with Professor Paul Raccah, University of Illinois at Chicago
circle, it was established that cleaved surfaces were much less danm-
aged than any polished surfaces provided by various DOD vendors.

® using PES, it was established that cleaving converts p- to n-type in
the surface,

® HgCdTe was found to be the first semiconductor alloy in which the
virtual crystal approximation breaks down using PES. This is well
understood and was confirmed theoretically, working with Arden Sher
of SRI and A.B. Chen of Auburn University. This also helps explain
mechanical weakness of HgCdTe in terms of the nature of metal-Te
bonds. Breakdown of virtual crystal approximation and reduction of
bandgap to zero with increased Hg were found to be two aspects of the
same phenomena. Finally, because of the characteristic changing of
bonding with composition, an increase in materials stability problems
is to be expected as one goes from 3 to 5 um and 8 to 12 ym de-
tectors,

Using PES, it was established that HgCdTe does not react with 0, in
sharp contrast to Si and III-V semiconductors. Oxygen excited by an
ion gauge in direct line of sight with HgCdTe will form an oxide on
HgCdTe, and it appears that Hg must be removed by gas exposure, Te0, is
the preferred oxide.

Established the capability of the Stanford sputter-~Auger technique

to determine chemical depth profile of passivated HgCdTe. Effects of
preferential sputtering and chemical shifts, were identified and cali-
brated. Analysis showed the anodic oxide 1is composed of a complex Cd
and Te oxide with less than 1% Hg; the natural oxide produced during
MIS processing is a Te-rich oxide.

iii
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The interface and interface region was studied using an MIS structure
made with PHOTOX™ 510, on HgCdTe. Using DLTS we have seen that pre-
passivation surface treatments affect bulk electronic structure. Using
C-V and AES we have shown that these treatments strongly affect inter-
face electrical properties by controlling pre-5i0, deposition oxide
growth. The best performance is seen in devices made by depositing
8i0, on HgCdTe with a.layer of Te oxide.
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INTRODUCTION

The purpose of this two-year study was to characterize surface states,

effects of overlayers and surface treatments, and their expression in an inter-
face structure. This is aimed at developing a fundamental understanding of how
to passivate HgCdTe devices. Significant progress toward that end has been
achieved and is summarized in this report. However, investigation of the fun-
damental problem of passivation has revealed a subtler nature encompassing many
supposedly separate effects, all of which must be considered to account for the
alloy's unique bulk and surface behavior. Of principal importance is the inti-
mate connection between bulk and surface effects. This means the surface cian-
not be treated witchout altering bulk properties which, in turn, alter interface
activity. The connection arises due to the ease of inducing native defects,
particularly removing Hg from the Lattice which becomes highy mobile and the
resulting alteration of electrical and chemical properties. It also became
clear during this study that bulk properties and their defect structures are
not significantly better understood than surface effects., This has necessi-
tated a reexamination of ideas underlying bulk band structure and bonding.
This has formed a major portion of the experimental effort, particularly at
Stanford, as well as guiding the formation of very successful collaborations
with other groups (Dr. A. Sher at SRI, Prof. A.B. Chen at Auburn University,
and Prof. P.M. Raccah at the University of Illinois).

The work st SBRC has concentrated on studies of interfaces, passivations
and the role plaved bv native defects in these systems, both in their effects
on surface treatment and interface electrical properties and is presented in
Section 1, while Section 2 is devoted to a discussion of surface structure,
surface oxidation, and bulk bonding, work done principally at Stanford Univer-

sity.
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Section 1
INTERFACE STRUCTURE

The growing demand for high-density infrared detector arrays using HgCdTe

has placed increasing pressure on existing abilities to produce these high-

performance devices. In many cases, device performance is affected and even
limited by the behavior of the surface. Understanding surface properties will
be increasingly critical as device size is reduced in future generations. A
HgCdTe surface presents a special problem because one of the alloy components,

Hg, is much less strongly bonded than the others., Also, the bonding becomes

weaker as Hg content increases.! This leads to a number of important effects
which impact surface properties. The two of immediate importance are the ease
with which defects are induced, principally Hg vacancies, and local alterations
in stoichiometry.2 Both have strong effects on electronic structure and oxide
formation, which together determine the effectiveness of surface passivation.

A great deal of work has been done on the anodic oxide interface and tech-
niques for growing other oxide layers with slightly different properties.3'“
These interfaces are quite promising except for a consistently large fixed
charge density which renders them useless as a passivation in many applica-
tions.® Alternate materials have also been studied which promise lower charge
densities along with slightly better interfaces; principal among these has been
low-temperature CVD Si02.6 We have determined that this type of material also

: relies on a native oxide layer for its properties.7

SAMPLE PREPARATION

For these studies we prepared metal insulator semiconductor (MIS) devices
on wafers of bulk-grown (horizontal zone melt) Hgl—xCdee with x in the range
of 0.3. These wafers were isothermally annealed in Hg vapor, resulting in an
n-type surface at with ND s 1 x 1015 em™3, This donor level is determined by
tae concentration of residual impurities in the HgCdTe whose exact identity is
unknown. The wafers were processed using a two-step treatment, the first being
a chemo-mechanical polish with bromine in dimethylformamide (DMF) followed bv a
solvent cleaning process; toluene, acetone, methanol and isopropanol sequen-
tially sprayed. Next a light spray etch with 1/167% bromine in ethylene-glycol

is applied, again followed by a solvent cleaning. Surface conditions are mon-

itored after each step with a monochromatic ellipsometer operating at 63284,
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Devices were fabricated on these surfaces by application of low-temperature
CVD $i0, by the patented PHOTOX™ (Patent No. 4,371,587) process to a thickness
of 15008, These depositions were done as soon after surface preparation as
possible, less than 15 minutes. The surface is nearly static at this stage;
however, a few hours exposure to air can increase the native oxide thickness by
up to ~10A. Metal contacts are formed on the HgCdTe substrate by application
of In using a small soldering iron, and to the Si0, by evaporation through a
shadow mask of 400A of Ti followed by 6000A of Au. The resulting capacitance
is about 60 pF with an area of 2,04 x 10”3 cm?2.

The anodized interfaces used for comparison were made in a solution of 10%
1 normal KOH in glycerine and water. Voltage is stepped in increments to a
final value which determines the film thickness., A standard thickness of 11004
(voltage = 22V) was used, which produces devices with capacitance of about
200 pF and with high enough resistivity to acquire quasi-static C-V data.

The interface electronic structure was measured using the capacitance-volt-
age (C-V) technique with data taken at 1 MHz using a PAR 410 capacitance meter,
and dc using an electrometer., Currents measured are typically in the range of
10711 ampere.

Composition of the interface, as well as the wafer surface prior to the
5i0,, was measured using AES in conjunction with ion milling. The milling was
done using 1 keV Net; the primary electron energy for AES was in the 4.5 keV to

5 keV range.

EXPERIMENTAL RESULTS

The ellipsometer is capable of measuring the thickness (t) and index of
refraction (n) for overlayers on the wafer surface. This is done by recording
changes in the amplitude and phase of the polarization components parallel and
perpendicular to the surface. Two parameters are calculated, A and ¢, where

& = 360-P;-P, and ¢ = 5 ; Aand P are the ellipsometer analyzer and

polarizer settings required to obtain a null; these in turn can be reduced to
give n and t. In the case of very thin layers on the order of 104, it becomes
very difficult to interpret the data in a manner which allows us to identify
the composition. 1lleasurements made after the chemical polish show A in the
range of 147 to 148, which we take as a clean, uncoated surface. After the
spray etch, A has typically lowered by several degrees, indicating accumulation

of some surface layer. Due to the simplicity of the treatment, the most likely

1
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candidates are an oxide layer, a bromide layer, or some combination. Thick-
nesses of the overlayer vary from wafer to wafer, but generally fall in the
range of 10A to 20A.

Capacitance measurements of the finished MIS devices show near ideal behav-
ior. Figure |l shows capacitance data taken quasistatically and at 1 Miz
(dashed curves), compared to a theoretically predicted curve (solid line) de-
rived by considering the effects of the semiconductor space charge region only.
When the experimental curves show low hysteresis (<0.2V when ramped -5V to +5V)
and are undistorted, indicating little or no surface potential nonuniformity,
any differences with the "ideal” curve can be considered to be due to contribu-
tions from interface states. Figure 2 shows surface state densities derived

from the curves of Figure 1. Two curves of the surface state density of

device made with anodic oxide are shown for comparison. The anodic oxide :n-
sity of states has been derived by two different techniques from the same ,
the upper curve by comparing the quasistatic and high-frequency curves an 1e

lower from quasistatic and theoretical curves. The former is valid from
midgap to accumulation region. The difference is taken as a measure of ti.
uncertainty of the N curve, The local maxima and a subsequent dropoff of

SS
these curves at their ends are not considered reflective of the real ¥ struc-

ture. These curves show a number of interesting points. First, they igm—
pletely span an interval that corresponds to the expected energy gap for this
temperdature (77K) and composition, indicating no Fermi energy pinning at the
interface. Also, the curves are smoothly "U" shaped for both types of inter-
faces; that is, they are free of sharp structures indicating no high densities
of discrete interface states. 1In fact, the principal differences between the

two types of interfaces are that the SiO, N values are consistently lower

than those of the anodic oxide and the Siozbiacks the large positive fixed
charge seen in the other. This difference is repeatedly seen provided the bulk
crystal is consistent., A comparison of C-V results of the best interface
achieved with each type of dielectric is shown in Table 1.

By pulsing the IS device into deep depletion and measuring capacitance
during the return to steady state, it is possible to determine the rates at
which minority carriers are generated at or near the surface. An example for
Si0, on HgCdTe at 77K with zero field of view is shown in Figure 3. The bias
was stepped from -3 to -4V. The storage time, defined as the time for 907
recovery of the capacitance, is 1400 sec (23 min). Applying the Zerbst analy-

sis method, 879 we obtain the plot of surface recombination velocity s shown in

Figure 4.
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(charges/area)

(1x1012 cm™2)

Table 1. Comparison of CV Results
ANODIC OXIDE 8102
FLATBAND VOLTAGE =2.0V =-0.4V * 0.5F

(<3x1010 cm™2)

HYSTERESIS

0.5V

<0.2v

SURFACE STATE DENSITY
NSS (minimum)

1x10!1! cm™2 ev~!

1.4x1010 em™2 ev™!

STORAGE TIME

85 sec

l.4x103 sec

SURFACE RECOMBINATION
VELOCITY

l.ox10¢ cm sec™!

1x1072 cm sec~!

T

18.1 PF

16.7

4.7 + .

13.7F+ .

12.7} ¢

M.7p

10.7 pF L "

15.7 | .

I i It 1

ZH-257-5CA-2B-2
T = 77K 14

ND = 2x10 cm

3

500

» Figure 3.

1500
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Capacitance Transient Following Deep Depletion Step for MIS Device
with photochemical 8102 on Hg, ;Cdj 4Te at 77K in Shielded Vewar
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Figure 4. Time-Dependent Surface Recombination Velocity Derived from the

Curve of Figure 3;

Rolloft Beyond 1500 sec is an Artifact

Initially, s appears to be 1 cm sec™!, but it is probably higher because the

start of the transient is not resolved on this time scale. The plateau at

1072 cm sec”! represents the screened condition, which would pertain to diode

surfaces passivated with this SiOz.

In an effort to examine an interface made on a clean (oxide free) HgCdTe

surface, the usual preparation
remove oxides of HgCdTe and to

ical deposition process is not

the silane is known to reduce these native oxideslo;

face prior to deposition is likelyv to remain so.

was followed by an HF etch, This is known to

leave the surface with a high A, The photochenm-

considered likely to re-oxidize the surface, as

thus, an oxide-free sur-

Capacitance measurements of

these interfaces show strikingly ditterent structures, as illustrated in Figure

5. The quasistatic curve shows structure indicative of a high density of dis-

crete surface states near the valence band maximum (VBM).

Calculation of sur-

face potential versus gate bias indicates a ndarrowing of the effective energy

gap by the states at 0.07 eV above VBM,

The presence of the native oxide over-

layer on the surface prior to Si()2 deposition seems to benefit the eventual

-
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Figure 5. High Frequency and Quasistatic Capacitance (Dashed) of 5i0, on
Hgpy 7Cdg 3Te Treated with HF to Remove Native Oxide, Compared
to Theoretical Curve (Solid)

interface properties, as judged by the degradation caused by its removal. It
should also be mentioned that the possibility that the HF has induced some
other form of surface defect in addition to removing the oxide has not been
completely ruled out.

In order to identify the exact nature of this overlayer, samples were meas-
ured using AES. The spectra obtained are dominated by the overlapping O and Te
signals between 480 eV and 510 eV. As shown in Figure 6, the signals from g
(76 eV) and Cd (376 eV) are smaller in comparison to the Te than expected for a
clean stoichiometric surface. This is consistent with the existence of a
Te-rich oxide layer through which the underlying Hg and Cd signals are scen.
The escape depths for these lines are estimated to be on the order of 258 in
the semiconductor, but is expected to be longer in the oxide; thus, it is dif-
ficult to quantify the overlayer thickness from AES amplitudes. Some surface
contamination is indicated by the S and C lines; these are probably deposited
during the ALS measurement.

Results of the onset of ion milling during the AES measurements indicate

the surface nature of the contaminants, The §, C, and O signals all decrease
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AUGER ELECTRON SPECTRUM
OF HgCdTe
WAFER PRIOR TO SiO2 DEPOSITION
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Figure 6. Auger Electron Spectrum (AES) of Hg 7Cdg 5Te Wafer Prior to
Si0, Deposition

rapidly as material is removed, as shown in Figure 7. Here, peak-to-peak
heights for selected lines are shown as signal amplitude versus fluence (time
integral of the flux). 1Ion milling began at zero fluence. Though all three
drop quickly to zero, S and C decrease significantly more quickly, implying a
thin overlayer on the oxide. The oxygen signal's decrease is slightly more
gradual and corresponds to the increase in that of Cd and Hg. The continuing
transient behavior of the Hg signal is caused by the mobility of Hg in the
subsurface region, which in turn is due to ion damage and has been discussed in
previous work.!l

The Te signal is essentially unchanged by the initiation of milling and
removal of the oxide layer. We see a count rate for Te in the oxide approxi-
mately equivalent to that in the HgCdTe, as expected for a layer composed pri-
marily of Te-oxide.

These results, combined with the ellipsometric and capacitance data, lead
us to conclude that the Te-rich native oxide grows to a depth of about 20A on

the HgCdTe surface as a result of our preparation technique, In addition, the

4.
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Elements Seen in Spectrum of Figure 6

presence of this oxide layer prior to sio, deposition is beneficial to produc-
ing well~behaved interfaces.

To decide what role this oxide plays in the final interface, measurements
were nade of the interface again using ion milling and AES. A depth profile of
the interface region, which has been corrected for the change in escape depth

with electron energy,12

is shown in Figure 8. The Hg line at 76 eV was not
profiled, as it conflicts with the main Si line. The Si profiles shown are
from smaller peaks.

The interface is taken as the point where the intensity is 50% of its maxi-
mum. The uncertainty in the 50% point of the larger Si signal, due to the
small peak seen before the interface region, is indicated by the crosshatched
region. The Si, Cd, 0, and the superimposed Te and O lines, all show 503
points in this region. A second Te line at 31 eV shows a half-height point 204

below the other Te. From our earlier measurement of anodic oxides on HgCdTe we

have seen that this Te line represents the nonoxidized Te of the substrate, 3
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Figure 8., Depth Profile of Interface Region of Si0, on Hg 7Cd 3Te Obtained
by Simultaneous Ion Milling and AES. Signal ampiitu es have been
corrected for the variation in escape depth with electron energy

We also do not see any line shifts indicative of oxidized Te.

We interpret

this to indicate that the initial thin Te oxide layer has been substantially

reduced, leaving an interfacial layer of Si, Te, and O between the applied SiO,

and HgCdTe.

INVESTIGATION OF THE INTERFACE REGION IN n-TYPE HgCdTe

The capacitance technique is very interface sensitive and allows us to

determine directly the surface state density (ng) as well as other properties

of the interface region, such as fixed charge density (flat band shift) and

carrier concentration profiles!*. The DLTS process is employed to characterize

traps in the interface region, since it is less biased toward surface states.

Distortions of bulk properties due to surface treatments have been reported

which extend hundreds of angstroms below the surface. !3

These changes affect

carrier concentration, trap activity, stoichiometry, and even electrical type.

Properties of the passivation layer itself are not the focus of this study and

are covered extensively elsewhere,1®=18 e are focusing on the semiconductor

side of the interface.
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In a separate set of measurements on devices similar to those of Table 1,
in the previous section, the region below the interface was examined using Deep
Level Transient 3pectroscopy (DLTS). The data are shown in Figure 9. The
spectra of both types of interfaces (anodic and Sioz) are similar in their
major structure In that they are dominated by the same large peak corresponding
to an electron trap. The large peak is seen to be asymmetrically broadened
indicating a possible field dependence to the activation energy. An Arrhenius
plot of the DLTS data gives ET = EC - 0.02 eV, Correction for a field effect
yields an energy of ~EC - 0.07 eV or about 1/3 the gap energy in this material.

Bulk trap levels at 1/2 Eg and E_ - 1/4 Eg have been previously reported.!9

C
Depth profile data taken of the 5i0, interface are shown in Figure 10.
These results are consistent with two types of distributions: a distribution
of interface states near the valence band, or a bulk trap level near the con-
duction band which is depleted near the interface. As the interpretation of
interface states giving rise to this signal is inconsistent with the activation

energy and does not comply with NSS derived from C-V data, we conclude that we

"~ ELECTRON TRAP |
Ey = ;- 07eV

8 &

Il

SiO2 INTERFACE.
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Figure 9. Comparison of DLTS Spectra for Anodic Oxide and Si0, Interfaces.
Both spectra are dominated by an electron trap with E, = 1/3 E
é £
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Figure 10. DLTS Spectra Taken of 510, Interface. The rate window is held
constant while pulse height is varied to provide depth profile

information.

are seeing the effects of bulk traps. Based on this interpretation, a relative
concentration is derived and plotted in Figure 1l.

‘fechanical action on HgCdTe, such as that involved in chemical polishing,
has been seen to cause substitutional Hg to be depleted in the surface region,
Electro-reflectance measurements have monitored these effects up to 100A
deep.20 This distortion toward a Hg-poor stoichiometric ratio may have the
effect of altering the deep trap due to the Hg vacancy. The Hg concentration
has been shown to strongly affect the Hg binding energy so that a decrease in
Hg concentration increases the strength of the Hg binding in the lattice and
may alter the trap level,?!

Hg depletion over these depths has also been detected by Morgen, et al., on
anodic interfaces using sputter—Auger. The altered stoichiometry was attri-

buted solely to preanodization processing.22 It is clear that the details

of surface preparation play a key roll in surface region stoichiometry, oxide

formation and interface electronic structure, all of which contribute to a

properly passivated interface.
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CONCLUSIONS

It is strongly evident at this point that the most promising form of
passivation of HgCdTe is a thin native oxide grown on the surface prior to
deposition of a chemically inert insulating layer such as PHOTOX" SiOZ. De-
vices with a layer of Te-rich oxide have produced very promising results. In
these cases, the actual interface properties are determined by the bonding
between a region of reduced native oxide mixed with Si and the surface of the
HgCdTe distorted to some degree by the surface treatment.

The interface property with the greatest impact on device performance
(e.g., photodiodes and monolithic CCDs) is fixed charge which, if large enough,
can cause severe band bending to strong accumulation or strong inversion and
degrade performance in a variety of ways: increasing 1/f noise; increased
generation current; and recombined carriers with the associated signal loss, to
name a few. The amount of fixed charge typicaly seen in interfaces made with
SiO2 deposited on oxidized HgCdTe has been measured at 3 x 1010 cm™? compared

with 1 x 1012 ¢m™2 for typical anodic oxide layers. The composition of these

13
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oxides is significantly different due to the difference in method used to grow
the oxide and does not appear in either case to result in the most stable equi-
librium composition of CdTe03.23 The thin native oxide is a Te~rich layer
which grows to a thickness of less than 208 and produces interfaces which per-
form better, not only with respect to fixed charge but surface state density

), and storage time (TSTO)’ than do anodics. Surface

HYST
state densities lower than 1 x 1010 ev™l cm™ have been produced.

CNSS)’ hysteresis (V

In these cases, we are seeing limitations set to a large extent by prop-
erties of the HgCdTe surface; i.e., the passivation is not the limiting case.
and 1 which are seen to

SS STO
correlate to ingot number and in a given ingot to wafer location. Of the types

We come to this conclusion by noting trends in N

of materials used, those grown by the horizontal zone melt technique have pro-
duced the best results and are the only ones reported here. This material is
highly pure with background donor levels in the low 10!* cm™3 and occasionally

mid 10!3 cm™3 regions. The actual parameter limiting storage time is not cur-

reatly identified, however. It also appears that the limits to T$10 and Nssare
to some extent independent of each other; i.e., a low NSS does not guarantee a
long Tg10"

As indicated above, surface treatments also alter bulk properties in the
region near the surface. Stoichiometry is altered to some depth and bulk trap
activity is changed. Bulk traps near the surface can be expected to be altered
due to very close proximity of the surface for any material. However, there
appears to be an additional effect in HgCdTe. The dominant bulk trap seen (by
DLTS) in the interface region of devices formed with anodic oxide and PHOTOX™
5102 is that associated with the Hg vacancy. Depth profiling of this trap near
an 5102 interface shows a decrease in activity as the interface is approached
over a larger distance than ordinarily expected.

It may be possible to improve interface properties further by growing
thicker oxides composed of Hg-free CdTeO,; before deposition of 5i0,. The
CdTeO3 is the most stable room temperature oxide form, while growing a thicker
layer can consume much of the distorted stoichiometry of the surface region,
thus ensuring bonding to a more defect-free region of the semiconductor. Use
of a thick native oxide may, however, reintroduce the large flat band shifts
seen with the thick oxides but avoided with the current 8102 deposition
scheme. In any event, the overlayer of 8102 is still likely to be necessary

due to the wide range of chemicals in which the native oxides are soluble,

14
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Section 2

SURFACE STRUCTURE, SURFACE OXIDATION, AND BULK BONDING

INTRODUCTION

Control of surface and interface electrical properties remains a critical
issue in advanced HgCdTe technology. The approach taken in this study has been
to apply surface science techniques to the study of surfaces prepared in a
well-controlled manner (e.g., by cleaving in vacuum) and "real” surfaces and
interfaces. These results will then be correlated with characterizations of
interface properties performed by SBRC. The feedback loop so configured -
study of fundamental properties on materials and interfaces supplied by SBRC -
and characterization of interfaces formed in processes modified to include the
Stanford results, should allow rapid control and optimization of the technolog-
ical development necessary to HgCdTe devices. The success of this program is
reflected in the strides in understanding discussed in the following section.
It must be emphasized that progress in research at Stanford depended critically
on the participation of SBRC, and we acknowledge their invaluable contribu-
tion.

Understanding the electronic structure of HgCdTe has proved to be an essen-
tial key to beginning to understand many of the difficult materials problenms
associated with the alloy. While exploration of this topic was initially un-
dertaken to provide baseline information for study of the surface electronic
structure, the unusual features of the bulk bonding have merited continued
attention. The results of our investigations, experimental evidence and theo-
retical confirmation of a breakdown of the virtual crystal approximation and
differences in the bonding of Cd and Hg in the lattice, are discussed in the
papers comprising Sections 2.4, 2.7, 2.8, and 2.9. These papers also discuss
the link between the difference in strength of Hg-Te and Cd-Te bonds and prop-
erties such as ease of dislocation formation and high Hg mobility of the lat-
tice. A general conclusion suggested by this work is that similar materials
difficulties may be encountered in other alloy systems which exhibit the range
of bandgap tunability found in HgCdTe.

The role of defects in controlling interface properties is well documented
in other materials (Section 2.3). 1In HgCdTe, defects often determine the con-
ductivity of the bulk of the material. 1In addition, these defects can be

highly mobhile. Two aspects of these issues formed the focus of a portion of
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the surface studies on HgCdTe: Hg loss from the cleaved surface (Sections 2.1
and 2.6), and the inversion at the surface formed by cleaving p-type material
in vacuum (Section 2,10). Based on this and related work, it is apparent that
an intercommunication unique to this material (and not previously observed in
any other material) exists between surface and bulk due to the rapid transport
of defects. Before material processing can be controlled on a scientific
basis, the subtle interplay of bulk and structure defects must be understood.

In addition to the surface properties related to Hg migration, the oxygen
chemistry of the alloy surface was also examined. Adequate passivation of the
alloy surface remains a critical requirement. The “"demands"” of passivation
increase as more advanced devices are developed. By studying the oxidation of
the alloy, a detailed understanding of the electronic structure of the inter-
face can be formed for subsequent optimization of passivation processes. Be-
cause of the inertness of the (110) surface to dry oxygen in the molecular
ground state, activated oxygen was used to study the uptake. The use of acti-
vated oxygen may permit more direct insight into processes such as plasma ano-
dization or photochemical S5i0, deposition (where atomic oxygen is used) in
addition to increasing the oxygen uptake. The results of these studies are
¢iven in Sections 2,1 and 2.2.

Finally, the surface sensitivity of our techniques has been used to examine
surfaces and interfaces of technological importance through the use of AES
combined with inert gas ion sputtering. This technique requires further cali-
bration before its full potential can be utilized (Section 2.5.). AES was used
to examine wafer surfaces following pre-oxidation preparation and to profile
the chemical composition of the anodic oxide-semiconductor interface (Sections
2.2 and 2.5).

Conclusions regarding the topics outlined above can be found in the papers
in Section 2; Section 3 includes some general results of the surface study

program.
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2.1

STABILITY OF AN ATOMICALLY CLEAN Hg;_,Cd,Te SURFACE IN VACUUM AND
UNDER 0, EXPOSURE

P.MORGEN * J. SILBERMAN ** [. LANDAU and W.E. SPICI'R ***

Stanford Electromics Laboratories, Stanford Universuty, Stanford, Califorma 94305, USA
and
J A WILSON

Sants 3arbara Research Center, Goleto, Calitorma 93017, USA

We report studies of the stabiity of single crystal surfaces of Hgy _ Cd, Te with respect to loss of Hg. Ultraviolet photoemis-
s10n spe stroscopy (UPS) and X-ray-induced photoemission ( XPS) were used to monitor the electronic structure and atomic com-
posttion of a cleaved surrace under ultrahigh vacuum (UHVY (p =~ § x 10719 Torr) and under oaygen exposures. These expern-
ments showed the surtace to be remarkably stable in UHV for extended periods of time at room temperature. However, changes
in the surtace concentrations can be induced during exposure to excited oxygen or during ion bombardment. The importance and

relevance ot these findings to the question ot the stability of the material are discussed.

1. Introduction

Studies of mechanical and electronic properties ot

crystalline Hg, _,Cd Te are required to assess the po-
tential and quality of the matenial tor application in
infrared-sensiive devices [1]. A relatively large num-
ber of such studies are reported in the literature {2].
However, unul recently. studies of surtace properties
of the material. and the effects of different surface
treatments, have not been published. At present, sev-
eral groups are engaged in this type of research
[3-7]. The oxidatnon and passivation of the surface
has been studied with XPS [3] and with XPS com-
bined with wn sputtering tor the purpose ot cleaning
the surface {5]. It has been reported that Hg leaves
the surface very easily durning ton bombardment.
duning heating, and even at room temperature. [n the
past. various attempts have heen made to deter-
mine the equilibrium vapor pressure ot Hg above
Hg, _,Cd,Te (8.9]. For temperatures slightly above
room temperature (100°C), equilibrium vapor pres-
sures of the order of 107 Torr to several orders of

* On teave trom Odense University, Denmark.
** National Science Foundation predoctoral fellow,
*** Stanford Ascherman Professor of Engineering.

magnitude higher have been reported. Tyvpe conver-
sion of n-type material was tound to occur [9] for
samples stored in air for several years at room temper-
ature and explained as a loss of Hg (8] trom the sur-
tface due to chemical decomposition.

The present work deals with some ot the ques-
tions raised by the previously published results on
Hg, _ Cd.Te surfaces. To studv the possible loss of
Hg from a clean Hg, _,Cd Te surface in UHV . we use
photoemission techniques [10] which sample the
outermost layers of the materal [11]. We have inves-
tigated (110} cleaved surfaces of p-type material of
x =0.31 grown by the recrystallization technique. In
particular, the stability of clean surtaces produced by
cleavage at a pressure of SX% 107'% Torr was exam-
ined. Exposure of the clean surface to oxvgen was
also studied with UPS and XPS. Finally. in a different
type of experiment, crystalline waters with (111) sur-
faces were subjected to bombardment with Ne® ions.
These watfers had initially been cleaned by etching in
Br/MeOH and then lett in the ambient atmosphere
for weeks. Auger electron spectroscopy (AES) was
performed on these surfaces to detect changes in
composition resulting trom the ion bombardment.

Our results at present indicate that the cleaved sur-
tace is remarkably stable at room temperature. No

00220248:82.0000-0000:502.75 2 1982 North-Holland
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adsorprion is detected Jor molecular oxyvgen. Only
excited oxygen reacts with the surface to start forma-
bon of a nauve oxide laver. lon bombardment
induces  an mhomogeneous concentration of Hg
through the surface and subsurtace regions. This 1s
most likely caused by preferental sputtering coupled
with ettects ot o high mobility of Hg in the disrupted
lattice

2. Experimental

Ultraviolet light trom a He discharge lamp with
monochromator (1o eliminate satellite lines) and
Al Ka Xeravs  were used tor excitanon ot the
Hg, _Cd Te samples. The electrons enntted due to
the nadent photons were collected and analvzed
for energy g double-pass cvlindncal mirror elec-
tron spectrometer. The resolution dunng analysis
may be varied to assure optimum discrimination in the
measured distributions In UPS. the experimental
resolution was 0.1 eV _as compared to 1.0 eV in XPS.

Samples in the form or 1.5 ¢m long square rods of
Hy, noCdy + Te were introduced into the ultrahigh
vacuum after bakeout ot the system, A cleaving me-
chanism inside the chamber allowed cleaves to be
made perpendicular to the long (<110%) axis of the
rod The cleaves were normally smooth but showed
some curvature and large areas ot terraces. A stainless-
steel plate was mounted in the svstem in electral
contuct with the Hg, _ Cd,Te samples. Evaporstion
ot Au uvn the plate could be carned out in situ. The
spectrum ot photoemitted electrons trom this Au
sample shows a well-defined Fermu edge. which serves
to denuty the position of the Fermu level [13] for
the Hg, . Cd, Te samples when measured under iden-
tical conditions.

The oxygen exposures were carrted out in situ by
adimitting  spectroscopically  pure  oxyvgen to  the
vacuum chamber with the ion pumps switched ott.

A commercial svstem (Varian) with a 10 keV elec-
tron gun and a high-resolution cvlindrical mirror ana-
lvzer was used tor the ion bombardment AES mea-
sutements. The Ne” 1ons were produced in the ion gun
atter hacktilling the system with Ne to 5 X 107° Torr.
Gettering and cryopumping at liquid nitrogen temper-
ature assures a low (~107° Torr) background pressure
of reactive gases during the experiments.

3 Results

The spectrum of electrons photoemitted trom a
cleaved Hgg (oCdg 3, Te (110) surface at a photon
energy. v, of 21.2 eV is shown as spectrum a n fig.
1 At this photon energy. several layers of the mate-
rial are sampled. Similar experiments were carned out
at Av =408 eV 1in which a more shallow sampling
depth 1s expected. No significant differences were
noted between the two sets of experiments for the
results reported here. However, more work at 40.5 eV
and other photon energies is under way: so. tor the
present. we shull concentrate on the results obrained
at 21.2 eV. The spectrum (a in fig. 1) displays the
valence band at 0 to 6 eV below the upper edge of
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Fig. 1. Photoemission at 21.2 eV (a) Just after cleavape by
120 h later and after exposure to 3 x 101 L of aavgen
Dotted curve is the same spectrum 4s in (a). (¢) After expo-
sure to 4 2 x 108 L of excited o\)'gen (produced by an ton
gauge). All spectra normalized to the height ot the (d (dd¢,; )
peak at -10.5 ¢V in ta). The valence band emission occurs
from 0 to -6 eV. In sequence, towards more negative ener-
gies, the core lines are: Hg (Sdg;2). He (5d4,5). Cd t4dc 20,
Cd (4d4,,). More negative energies in the tigure correspond
to highet binding energies.
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emission and, more than 6 eV below the edge, Hg 5d
and Cd 44 levels. Thus, we are able to monitor the
relative concentrations of Hg and Cd at the surface
(estimated accuracy 1 at%), looking at the relative
intensities of the Hg and Cd peaks. The position of
Eg. the Fermi level at the surface, suggests conversion
of type (p to n) at the cleaved surtace, but turther
studies will be done to confirm this finding.

Spectrum (b) in fig. | was recorded 120 h after the
cleave (2) and after an oxygen exposure of 4% 102 L
(1 L=10"" Torr s). All spectra in fig. | have been
normalized to the height of the Cd (4dg,2) peak. The
areas of the Cd (4d) and the Hg (5d) peaks are iden-
tical to within 17 in the two experiments in (1) and
(b). and the features ot the valence band are un-
changed. Thus. tfrom the lack ot decomposition (i...
Hg loss), we estimate the Hg vapor pressure to be
below 107'? Torr.

Signiticantly higher pressures (>107'° Torr) were
implied to explain the tindings n refs. {8] and [9].

In fig. 1. spectrum (c). we see the ettect of expo-
sure to 4.2 X 108 L of oxygen in the presence of an
jon gauge (13]. An oxygen-induced structure at 4.1
eV below the edge of the valence band is clearly
developing. At the same «me, the Hg (5d) peaks
decrease refative to the Cd (4d) peaks. Changes in the
relative concentrations ot Hg, Cd, and Te are also
detected from XPS, although the changes observed,
deduced from the intensities ol vartous core lines
which sample ditterent depths. ditter slightly. This
could indicate an inhomogeneous composition ot the
surtace region of the sample due to the interaction
with excited oxygen. More work is needed,
however, to elaborate on these ohservations.

The results of the ion bombardment/AES measure-
ments are shown in fig. 2. This figure shows, in arbi-
trary units. the peak-to-peak heights ot the (deriva-
tive) Auger signals from several ditferent constituents
of the sample. With increasing doses of Ne™ jons. ma-
terial is removed trom the sample due to sputtering.
Thus. from the figure. we see how surtace oxygen and
carbon are removed during the initial stage ot the
bombardment. The oxide layer was probably formed
during etching of the samples in Brr/MeOH [3]. From
a similar expeniment with layers of anodic oxides, we
know the sputtering rate in the oxide. The oxide
found on the surface in the present experiment is
less than 20 A thick.
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Fig. 2. Sputter;Auger measurements. Auger signals (peak-to-
peak heights) are plotted as functions ot total dose (tluence)
ot ions. The C (276) and O (510) signals coincide with Cd
and Te signals, respectively. Thus, below a certain level, the
real concentrations of C and O are inaccessible. The Hg
(2078) signal is recorded at 10x higher sensitivity than the
other signals.

During the ion bombardment, the concentrations
of the different constutuents change as indicated by
the corresponding Auger signals. The analysis of the
corresponding atomic concentrations and their spatial
variation as sampled with this techmique 15 compli-
cated and will not be presented here. However. one
important observation will be mentioned. The lowest
(76 eV) and the highest (207X eV) Hg Auger lines
show different tendencies during prolonged bombard-
ment umes, They sample rather difterent depths
helow the surface because ot their different average
mean free paths in the sample (S and 2§ ). Separate
experiments have been performed to contirm the
findings of fig. 2. The 1on bombardment experiment
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Table 1

Concentrations ( Auger peak-to-peak heights) ot Hgy _ CdTe
samples before sputtering and atter 10 min sputtering; only
Hg, Cd. and Te signals given

Heg 7Cdg 3Te

He(76)  Hg2078) Cdi(376) Te(483)
Betore 0.16 0.29 0.16 1.003)
After 0.26 0.26 0.34 1.00 8}
l‘lgols(‘dol 2 Te

Hgt76)  Hg(2078) Cdi376) Te(483)
Betore 0.13 0.37 013 1.003)
After 0.31 0.31 0.29 1.00 )

3} Auger signals normalized to Te(483) signal.

was repeated. and the Auger signals were determined
hetfore and 10 min (~2.83 X 10'® jons;cm®) after the
start of the bombardment. The resulting signals are
given 1n table 1. 1t is seen that the concentration of
Hg as measured by the 76 eV line increases strongly
while the 2078 eV signal indicates a decrease. Thus,
an obvious explanation of this tinding would be that
the ion bombardment changes the concentration
gradient ot Hg. At the moment, studies. at a range of
ion energies, of several different multucomponent sys-
tems including Hg, _,Cd Te samples are undertaken.
The purpose 1s to deternune what degree ot inhomo-
geneity can be expected due to preterential sputtering
[14]. Tt is felt at present that the ettects observed tor
Hg in Hg, -Cdg3Te (and 1in Hg, sCd, . Te) would
indicate a hugh degree of preferential sputtering [4.5]
and diffusional transport of Hg to the surface during
the ion bombardment.

4. Discussion and summary

The stability of crystalline Hg, _,Cd,Te has been
tested by looking at surfaces ot the material subjected
to different mechanical, chemical, and radiative
etfects n UHV. At room temperature, cleavage and
exposure to oxygen was examined. After cleaving
p-type matetial, no instability of the surface was
dztected for extended periods of time in ultrahigh

vacuum, and a limit of 107! Torr was placed on the
Hg vapor pressure above the surface. This 1s consider-
ably lower than previously reported [4.89]. We sug-
gest that surface perfection, i.e.. lack of mechanical
damage to the surface, is critical in reducing the vapor
pressure. Further experiments will be devoted to
study this.

The surface produced by cleavage in UHV was
highly inert to oxygen. A similar conclusion was
reached for sputtered surfaces [5]. However, during
exposure to oxvgen excited by an ion gauge. oxida-
tion and changes in stoichiometry were detected. lon
bombardment of Hg,_,Cd,Te is a process which
results in an inhomogeneous surface region. Previous
experiments {4.5] have not discovered this etfect but
reported a net depletion of Hg over a somewhat nter-
mediate sampling depth. The concerns about the sta-
bility of the system [4] during certain conditions of
surtace preparation (scraping and jon bombardment)
seem warranted, as suggested by the present findings.
For other types of surface preparations, our experi-
ments indicate an excellent stability of the material.
However. at this preliminary stage of investigations of
surface properties of Hg, _,Cd,Te. direct compari-
sons between results obtained by different groups
may easily lead to premature conclusions. Thus. we
do not vet have enough published data to illustrate
how important the ditferent crystal prepaiation
methods are for the properties we are investigating
here. Such studies are presently being carried out in
several laboratones. and the results should soon be
available.
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2.3

Surface and interfaces of HgCdTe. What can we learn from 3-5’s? What is

unique with HgCdTe?

W. E. Spicer,” J. A. Silberman,” P. Morgen,® and|. Lindau

Depariment of Electrical Engineering, Stanford University, Stanford. California 94305
J. A, Wilson

Santa Barbara Research Center. Goleta, Califormia 93017
(Received 18 December 1981, accepted 12 February 1982)

Fundamental studies of the surfaces and interfaces of HgCdTe are in their infancy. Major
developments have been made in the understanding of the free surfaces of closely related 3-5
compound semiconductors and, making use of this knowledge, on the mechanism of formation of
Schottky barriers and MOS (or MIS) interface states on the 3-5 materials. Thus, the 3-5 work
provides an important starting point for the HgCdTe work. For 3-5s, a unified defect model has
been developed which explains both the Schottky barrier formation and the source of the MOS
interface states. This work is briefly reviewed and related to HgCdTe surface and interface
phenomena. Based on this and a wide range of practical work plus the early results of fundamental
work on HgCdTe 1t is clear that defects also play an important role at HgCdTe interfaces.
However, in all previous work it has appeared that the interface may not be so strongly coupled to
defects in the bulk (i.e. to defects, dislocations, etc. in the bulk); this does not appear to be the case
for HgCdTe where the “intercommunication” between the surface and bulk makes it essential to
treat the surface in the context of bulk interactions and imperfections.

PACS numbers: 73.20.Cw, 73.20.Hb, 73.30. + y, 73.40.Lq

I. THE FREE SURFACES OF COMPOUND
SEMICONDUCTORS

A. Introduction

Strong fundamental studies of the surface and interfaces of
Hg, _ ,Cd, Te have just been started. Early reports of such
work appear in these Proceedings. These represent the con-
tinuation of a revolution that has occurred in our under-
standing of the electronic structure of semiconductors in
general and the 3-5 compound semiconductors in particular
during recent years. The work on the 3-5's provides an inva-
luable framework for consideration of Hg, =, Cd, Te. Thus,
it will be our objective in this paper to provide that frame-
work and, as much as possible, to relate it to Hg, _ , Cd, Te.
Since all of our present knowledge indicates that the surfaces
of the 2-6's are similar to those of the 3-5's (provided that
bandgaps are similar), we will concentrate on the 3-5's. Note
that GaAs and CdTe have almost identical bandgaps.

In less than a decade, monumental breakthroughs have
been made in the understanding of both the free surfaces of
compound semiconductors (principally 3-5's) and of the
mechanism of formation of: 1) Schottky barners and 2) ox-
ide-semiconductor interface states.' Preceding this work by
a few years was the first direct observation (by photoemis-
sion spectroscopy, PS) of the filled surface states on Si.?

Experimental work preceding’ and following* the Si work
established a very surprising resuit—that there were no sur-
face states in the bandgap of GaAs (except for those due to
structural defects at or near the surface). As we will describe
in the following paragraphs, the intrinsic surface states (i.e.,
those associated with the “broken bonds™ of an otherwise
perfect surface} are moved out of the bandgap region by the

rearrangement of the surface atoms. Recent work by Duke,
er al.* shows that the rearrangement on CdTe is essentially
identical to that of GaAs. As we will show, new results from
Silberman et al.® establish that the intrinsic surface states are
swept out of the bandgap of that material: Thus, it 1s impor-
tant that we understand the mechanism going on at the sur-
face of GaAs and other 3-5's in order to gain insight into the
surfaces of HgCdTe.

Fortunately, the theory of surface electronic structure’
has kept well abreast of the advance in experiment Methods
have been developed which can calculate the electronic
structure taking into account the rearrangement of the sur-
face atoms. Thus a powerful self-consistent approach has
been developed for determining the electronic and lattice
structure of solids. The electronic structure can be deter-
mined experimentally. Through LEED measurements and
their analysis, surface lattice structure determination can be
made. Using the surface lattice parameters, surface elec-
tronic structure calculations can be made® and compared to
very detailed experimental® results on the surface electronic
structure. (Calculations can be made a function of surface
lattice parameters to check the sensitivity of these para-
meters.) The agreement between experimental electronic
structure and theory is strikingly good. Thus, one gains con-
fidence in our ability to determine surface electronic and
lattice structure.

B. GaAs (110): A detailed example

In the above we have attempted to give some overall back-
ground. In this section, we will get much more specific con-
cerning the compound semiconductor surface which ts best
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ve [o:}
Ga as (110}

FILLED SURFACE
STATES (As)

EMPTY SURFACE
STATES (Go)

FIG. 1. A schematic drawing of the lattice and electronic structure of the
GaAs (110 face after rearrangement relaxauon). The As surface atoms
have taken up a p* bonding arrangement (with two electrons in a 4s’ filled
state), while the Ga has gone from the bulk sp’ to a sp? arrangement. Since
the p* bond angles are more acute than the bulk sp’ bonds. the As moves
outward; conversely, the Ga moves inward. The movements are large (large
fractions of an angstrom). This rearrangement moves the filled and empty
surface states out of the bandgap. However, since the surface lattice is no
longer lattice matched to the bulk, there is strong strain at the surface
{*marks the location of empty surface state).

understood—the GaAs (110).'° These results seem to be ty-
pical of all faces of the 3-5's and of the smaller bandgap 2-6's
such as CdTe and Hg, Cd, _, Te. The one exception is GaP,
where due to its large bandgap, the empty surface states are
not moved entirely out of the bandgap.'® In Fig. 1, we sum-
marize these GaAs (110) results by schematically showing
both the atomic and electronic rearrangement. A fact of
prime importance is the realization that rearrangements of
atoms, electrons, and electronic states are inextricability in-
terwoven. (Perhaps the most comfortable and familiar bulk
analogy is the Jahn-Teller effect.) On the surface of GaAs
and most 3-5's the atoms and electrons rearrange themselves
so that the filled surface states move to lower energy below
the valence band maximum (VBM) and the empty states to
higher energy above the . 1duction band minimum (CBM).
Because the column 3 and 5 elements can dehybridize to-
ward their atomic configuration with 3 and 5 valence elec-
trons, respectively, the electronic rearrangements for the 3-
5's can take place much more ideally than for Si. Thus, the
surface states are swept completely out of the bandgap. Ga
with three valence electrons moves toward a sp” (graphite-
like) bond:ng scheme with its three neighbors. In contrast,
the As surface atom goes toward a p' bonding configur=tion
with the two remaining valence electrons in a s filled non-
bonding orbital. The p' bond angle 1s more acute than the
bulk sp' covalent bond. thus moving the As atom outward.
In contrast, the sp’ Ga bond is aimost planar pulling the Ga
inward'"'? ;see Fig. 1). Note that there are no “dangling”
bonds in the classical sense. The As “s™" electrons are avail-
able for bonding; however, if the *'s*"" arrangement is thus
changed the surface will rearrange at this point, inducing
additional strain.'?
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In the past a very elementary picture of the interrelation of
intrinsic surface and bulk states has been popular. The bulk
electronic and lattice structure was thought to extend right
up to the vacuum-semiconductor interface and then surface
electronic states were added in the bandgap at the surface.
The inadequacies of this are now apparent. The lattice struc-
ture generally changes as we move to the surface. It is unlike-
ly that these changes are completely restricted to the last
layer of the semiconductor.!' The large atomic rearrange-
ments must lead to large changes in the electronic structure
associaied with the surface. Thus, our older models {and
even that of Fig. 1 insofar as it is interpreted in those terms}
must be abandoned and we must think in terms of a lattice
and thus electronic structure which are unique to the surface
region. This is reflected in recent theoretical work which
calculates the local density of states layer by layer as one
moves from the surface into the bulk.’

The rearranged surface atoms are not lattice matched to
the bulk crystal. This results in distortion of the bulk lattice
for at least one additional layer of atoms beneath the surface.
Because of lattice mismatch, a large stress field can be ex-
pected in the outmost surface layers. The difference in crys-
tal structure within the surface unit cell should produce a
surface lattice vibrational structure different from the bulk.
This will be important in explaining the interaction of adsor-
bates on the surface.

A key concept which has been brought into focus by the
removal of surface states from the bandgap region (Fig. 1} is
the distinction between intrinsic and extrinsic surface states.
Intrinsic refers to the states characteristic of the perfect (al-
beit rearranged) surface. In contrast, the extrinsic states are
those due to defects, either structural or impurity-related, at
or near the surface. The extrinsic bulk states are of such
importance because they dominate the electrical and thus
the practical applications of semiconductors.

Although we have concentrated on the discussion of the
GaAs (110} face, it should be emphasized that studies of the
other principle surfaces of GaAs—the (100} and (111}—give
similar results, i.e., the intrinsic surface staies are removed
from the semiconductor bandgap.'

C. Clean cleaved CdTe and Hg, _ . Cd, Te (110) faces

Itis now useful to present PS data from CdTe. This s done
in Fig. 2. The results are identical to thosc from GaAs in that
there is no evidence for surfaces states :n the bandgap. Thus,
it appears that it is similar to GaAs in that the intninsic sur-
face states have been moved out of the bandgap by surface
reconstruction. This is not unexpected since the surface lat-
tice reconstruction for the CdTe (1101 1s so simular to that for
GaAs {110)." Based on the 3-5 results one would expect the
same result for other CdTe crystal faces and for all crystal
faces of the HgCdTe crystals. Although much more work
must be done before this is definitively established, the
HgCdTe work done to date (see. e.g.. Silberman era/. in these
Proceedings) indicates this to be the case. It is very important
to recognize that, just as for GaAs, the reconstructed
HgCdTe surfaces are expected to be strongly stressed. Be-
cause of the possible weakness of the Hg-Te bond this may be
of particular importance.
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F1G. 2. Upper 3 eV of CdTe valence band emission at 110 eV phouton energy
and location at the Fermm level. As s the case for GaAs and in contrast to
that of Si isee Ref. 2), emission from filled surface states in the bandgap 1s not
abserved. |t is likely that, as in the 3-5s, surface latuce rearrangement has
swept the surface states out of the gap. The CdTe sample was indium doped
in-typed) at a level greater than 10'"/cm’

However, rather than going directly into a discussion of
the problems of Hg, _, Cd, Te device interfaces, we should
once again build a foundation making use of the fundamen-
tal understanding which has been achieved on the formation
of Schottky barriers and the semiconductor-oxide interface
states by studying the 3-5's."

ll. 3-5 INTERFACES: KEY ROLE OF DEFECTS

Until recently, the approach to understanding Schottky
barriers was to assume an ideal planar junction between the
semiconductor and metal. The interaction between the met-
al and semiconductor was then considered within the frame-
work of that configuration and in order to attempt to under-
stand the mechanism of Schottky barrier formation.
However, new experimental techniques have been developed
in recent years which have allowed the formation of the
Schottky barner to be examined on an atomic basis. Synch-
rotron radiation sources'® such as that at the Stanford
Synchrotron Radiation Laboratory (SSRL) provide a con-
ttnuous source of radiation extending from the visible to the
hard x-ray region (6 hv< 10%eV). Monochromators are used
to proved tunable monochromatic sources of radiation for
PS and other types of expeniments.’® Using this source and
PS for 10<hv<300eV, the electronic structure—particular-
ly the surface position of the Fermi level—could be followed
as various metals (or oxygen| were deposited on the surface.'
In addition, the chemistry and spatial location of the sem-
conductor atoms could be followed by studying rhe intensity
and positions of the core levels' (e.g., the Ga and As 3d
levels:.

Of extreme importance to this work is the ability to re-
strict the depth of matenal studied to the last one or two
atomic layers; thus, 1t is truly a surface sensitive technique.
This s helped by the use of synchrotron radiation. ' Again, 1t
is very important that the foreign atoms be placed on the
surface in very small quantities Thus, the changes in surface
electronic structure, chemistry, and “interminghing” of
atoms can be followed as foreign atoms are added almost in
an “atom by atom” way. IWe are beginming to apply these
techniques to Hg, ,Cd, Te. Some results will be reported in
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these Proceedings® but we expect much more progress in the
coming year.) Thus, for the first time, Schottky barrier and
3-5:oxide formation was followed on a microscopic basis
(e.g., PS) rather than the macroscopic basis (e.g., using [-V or
C-V measurements) used previously.

The results of the application of such techniques to the 3.
5's are now well documented in the literature. They forced a
complete reevaluation of the concepts of the interfaces in-
volved in these systems and the mechanism of Schottky bar-
rier formation. The key results' are as follows:

1) The interface cannot be considered ideal with an abrupt
transition between the semiconductor and metal—consider-
able intermixing takes place between the semiconductor and
metal 1n Schottky barrier formation.

2) The Schottky barrier height is determined by defect
states induced in the semiconductor at or near the surface by
the deposition of the metal.

3) The same defects were formed on depcsition of oxy-
gen—forming the semiconductor-oxide interface states—as
were formed at the metal-semiconductor interface.

4) As a resuit of 3) and 4), a Unified Model has been devel-
oped' explaining both Schottky barner and 3-5 oxide inter-
face states based on the defect formation.

As an illustration of these results, we present, in Fig_ 3, the
defect levels which were found to control the interface char-
actenistics (Schottky, MOS, or MISi of n- and p-type GaAs.
InP, and GaSb.' The accuracy of energy location 1s ~ 0.1
eV.

One of the key considerations in this work was to make
surz that these results correlated in a reasonable way with
the results on actual device Schottky barrier and MOS or
MIS structures. Such data 1s ava:!able for GaAs and InP.
For example, GaAs barrier heights correspond to Fermi lev-
el pinning near midgap so that, for example, the barner
height 1s near midgap for metals on n-type GaAs as wouid be
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expected from Fig. 3. For n-type InP, the Schottky barrier
height is either about 0.1 or 0.4 eV depending on the surface
treatment of the InP and/or the metal.'* This is again in
agreement with the results of Fig. 3. For MOS or MIS struc-
tures, agreement is again obtained.'* (It should be recog-
nized that, for all MIS structures formed to date, there is a
thin oxide layer between the semiconductor and insulator.)

{Il. INTERFACES OF HgCdTe
A. Introduction

To place this section in perspective, it should be noted that
until recently attempts to passivate 3-5 surface were comple-
tely dominated by an empincal approach. This proved both
extremely expensive and unsuccessful in so far as producing,
for example, GaAs MOS's. The fundamental understanding
recently obtained is visibly helping to guide development of
practical device structures in 2 more economic and profita-
ble way.''*

Processes to passivate HgCdTe also Lave been developed
empincally. Notable successes have been attained in photo-
conductive and other devices. However, more advanced de-
vice structures will be more demanding and there is a clear
need for more fundamental understanding. We will always
have to include empirical methods in our practical techni-
ques. But would not we be well advised to learn as much as
possible about the basic phenomena taking place and use this
knowledge as much as possible to guide us in the right paths
and reduce the costs of purely empirical approaches?

The fundamental 3-5 results mentioned above leading to
the Unified Defect Model involved many years of work ex-
tending over more than a decade. They have been empha-
sized in the hope that we all can draw on them in attempting
to understand and conquer the HgCdTe interface problems
in the most timely and economical manner possible. If we
draw on the knowledge gained in the 3-5 studies, this process
can be strongly accelerated. If it does not prove to be applica-
ble, then our task will be much more difficult.

The indications to date suggest that there are strong simi-
larities between the 3-5's and Hg, _,Cd, Te and that defect
levels quite possibly dominate the interface between
HgCdTe and the passivating overlayers. However, we would
be ill advised to simply try to carry over the 3-5 experience in
total tc the HgCdTe system. Rather, we must identify the
similarities and differences between these two material sys-
tems and then carefully attempt to choose the most profita-
ble experiments to understand the HgCdTe interface system.
Let us next briefly examine some of the similarities and dif-
ferences between HgCdTe and the 3-5's.

B. Differences between 3-5 and HgCdTe surfaces
and interfaces

The most striking difference between the 3-5's and
HgCdTe is the relative instability of Hg in the HgCdTe lat-
tice. The Hg-Te bond energy is at least 30% less than the Cd-
Te bond energy. No such large differences in bond energies
exist for the 3-5's.

Although the difference in Hg and Cd bond energies is a
bulk property, it is also critical to the understanding of sur-
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faces and interfaces for two reasons: 1) It will be reflected by
a difference in the Hg and Cd bonding at the surface (and,
thus, in the interface chemstry), and 2) in the production of
defects (e.g., Hg defects, vacancies, and interstitials, and dis-
locations along which the interstitials may move easily to the
surface) not only in the surface regions but also in the bulk
where they may migrate easily to the surface. Thus, we can-
not restrict our interest to the surface region, as has been the
case with the 3-5's. We must also understand the critical
features of bulk lattice bonding, its effect on bulk defect pro-
duction, and the transportation of certain of these defects to
the surface. Rather surprising and most encouraging, the
work reported in these Proceedings by Silberman er a/.® and
by Chen and Sher'® show that this bonding difference is re-
flected in the band structure and the energy of the core levels
(as detected by PS). Thus, we have new and powerful tools to
study the bonding. Most interestingly, it appears that 1} the
bond difference is due to the ionization energy of the valence
(s*) electron levels of Hg being 1.5 eV larger than the ioniza-
tion energy of the corresponding valence levels (also s*) of Cd
{this can be understood in terms of the larger positive nuclear
charge of Hg as compared to Cd), and 2) this difference is
also reflected in the change of band structure near the band-
gap with increasing Hg content. In fact, it appears possible
that this difference in bond energy is a necessary condition for
any semiconductor system whose bandgap drops from a
large value to zero as the composition is changed. Therefore,
it is likely that the difficulties associated with the bond differ-
ence cannot simply be eliminated by going to a new alloy
system.

The importance of the bonding of Hg in the HgCdTe lat-
tice is illustrated by early work using the new tools of surface
science to study the rate of Hg loss from clean HgCdTe sur-
faces in ultrahigh vacuum. Nitz er a/.'® found massive loss of
Hg from scraped surfaces with depletion of Hg up to microns
in depth after many hours in vacuum. However, Silberman
et al.*"" using cleaved surfaces, found negligible loss of Hg
under comparable time and pressure conditions, as did
Faurie er al.,'* using n-type HgCdTe formed by MBE. Nitz
et al.'® also found large diffusion coefficients for Hg and Cd
at room temperature (10~ ' cm?®/sec). We would like to sug-
gest (although it remains to be definitively proven) that the
Hg loss and large diffusion coefficients of Nitz er al.'® reflect
the effect of imperfections (for example, dislocations} ex-
tending from the surface far beneath it. This is important
because it suggests that bulk defects which extend up to the
surface can have first-order effects on HgCdTe surfaces and
interfaces—an effect which has not appeared in the 3-§'s. It
also emphasizes the need to understand the “bulk™ as well as
the surface in HgCdTe.

In the 3-5's, an important consideration is that both the-
ory and experiment indicate that the defect levels disappear
into the conduction (acceptor levels) or valence (donors)
bands as the band gap decreases.'*?° However, it is generally
believed that excess Hg creates n-type HgCdTe whereas a
deficit of Hg produces p-type material for all alloy composi-
tions of the semiconductor. This suggests that defect levels
associated with the surface may not disappear into the va-
lence or conduction band with decreasing bandgap as in the
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case of the 3-5's.

Another difference between the 3-5's and HgCdTe is their
reactivity with O, in the ground state.?' Such oxygen has a
very small sticking coefficient on the GaAs cleavage (110)
surface {about 107°);*" however, it is so small that it cannot
be measured on HgCdTe (less than about 10~ '3).%!” How-
ever, if the GaAs is exposed 10 oxygen excited by an ion
gauge (located in a remote position so as to decrease the
probability of oxygen atoms or ions striking the GaAs sur-
face), the sticking probability can be increased by orders of
magnitude and a very complex chemistry takes place at the
GaAs surface.”' If excited oxygen is used in the same way
with HgCdTe, it appears that Hg leaves the surface and then
the oxygen chemically reacts with the excess Te left be-
hind.*>"”

One conclusion drawn early in the fundamental studies®’
of the 3-5’s was that, because of the complex oxygen chemis-
try, it was best not to attempt to grow a thick native oxide but
to minimize the amount of native oxide and deposit an exter-
nal oxide, e.g., SiO, as gently as possible to passify the sur-
face. It is important to ask whether this may not also be the
case for HgCdTe—at least for some demanding device
structures.

IV. CONCLUSIONS

It 1s strongly argued that fundamental understanding of
HgCdTe surfaces and interfaces can have a large return in
advancing device technology. The recently gained funda-
mental understanding of 3-5 surfaces and interfaces form an
important framework for HgCdTe work. However, certain
strong differences between the 3-5's and HgCdTe must be
wdenufied and taken into account. Examples of such differ-
ences are given above. The most important single difference
1s that the HgCdTe interface and bulk properties cannot be
treated as two separate entities as people have tried to do for
the 3-5's, S1. and other semiconductors; rather, the strong
effect of bulk imperfections and rapid communications of
defects between bulk and surface must be properly taken into
account. This 1s, principally, a result of the “‘weak™ Hg-Te
bond.
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UPS study of the electronic structure of Hg, _, Cd, Te: Breakdown of the

virtual crystal approximation
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Ultraviolet photoemission spectroscopy (UPS) with photon energies between 7 and 30 ¢V has been
used to probe the electronic structure of cleaved (110) single-crystal Hg, _ ,Cd, Te (x = 0.2,0.31,
0.39, and 1.0). Structure in the emission from the upper valence bands (within ~ 3.5 eV of the
valence band maximumy} is qualitatively similar for the compositions studied and exhibits band-
structure-related dispersion with photon energy. Features arising from the lower lying, mainly
metal s-electron derived states { — 4 to — 6 eV) correlate separately with Hg and Cd. Thus the
UPS spectra give evidence of differences in the contributions of the two cations to the electronic
structure and the breakdown of the virtual crystal approximation in the valence states lying about

5 eV below the valence band maximum.

PACS numbers: 71.25.Tn, 79.60.Eq

(. INTRODUCTION

Knowledge of the electronic structure of Hg, _ ,Cd, Te is
important in understanding the bulk and surface properties
of the alloy. While transport properties suggest one picture
of the electronic structure, phenomena related to structural
properties suggest another. The high mobility in narrow gap
alloys, for example, indicates highly nonlocalized electron
wave functions characteristic of a periodic rather than a ran-
dom lattice for states near the band edge. The relative ease of
forming a Hg vancancy' on the other hand, suggests that the
bonding differs for Hg and Cd and that the electronic struc-
ture may reflect the difference in potential of the Hg and Cd
sites in the cation sublattice. Because photoemission spectro-
scopy examines the complete valence band, it has the poten-
tial for identifying valence regions reflecting localized and
highly nonlocalized valence states, as will be shown.

While important differences exist in the details of the band
structure’ of CdTe and HgTe, particularly at k = O{the band
gap in CdTe is 1.5 eV; HgTe is a semimetal with inverted
band order at k = 0%, ultraviolet photoemission spectrosco-
py IUPS) studies of these compounds have shown the valence
band emission for these two matenals to be similar.™* The
band of states contributing to the bottom of the valence
bands occurs at about 0.8 eV higher binding energy in HgTe,
however, resulting in a greater total valence bandwidth. To
our knowledge, no systematic determination of the composi-
tional dependence of the electronic structure in
Hg, . . Cd, Te alloys has been reported, and it is of interest
to examine the relationship of the alloy electronic structure
to that of its pseudobinary constituents.

o investigate the electronic structure of Hg, ,Cd, Te,
we have used UPS with photon energies from 7 to 30 eV to
examine single-crystal alloys of three compositions. The up-
per. mainly p-like valence states' within ~ 3.5 eV of the va-
lence band maximum ({VBM: were found to be bandlike and
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qualitatively sinilar for all compositions studied. The lower-
lying states near 5 ¢V below the VBM, which are principally
metal s-clectron derived but contains 40% cation p-charac-
ter,® are more localized and distinctly reflect Hg or Cd par-
entage. Thus the UPS data document differences in the con-
tributions of the two cations to the electronic structure of the
alloy. Additional evidence suggests that these differences in
cation bonding increase with increasing Hg content.

Qur resuits will be presented in greater detail following a
description of the experimental procedure employed and are
then discussed in light of a recent theoretical calculation of
the electronic structure.

Il. EXPERIMENTAL

Single-crystal samples of Hg, _ ,Cd, Te of composition
x =0.2,0.31, and 0.39, grown by solid-state crystallization
{Santa Barbara Research Centeri and a sample of CdTe®
were introduced into the vacuum chamber through an air
interlock. In this way, heating ihe samples duning the prep-
aration of the chamber was avoided. Clean surfaces for study
were prepared by cleaving the samples along a (1101 face in
vacuum { p < 10™ ' Torr). Light from a synchrotron source
was incident on the cleaved surface at a 75° angle to the
surface normal and was largely p-polarized. A double pass
cylinurical mirror electron spectrometer with symmetry
axis along the sample normal performed the energy analysis
of the emitted electrons. Electron energy distributions
curves were recorded fo- = 10ton energies ramging from 7 to
30 eV. The energy resv.u.:0n in the spectra obtained is be-
lieved to be better than 0.2 eV.

No evidence for loss of Hg from the surface was obtained
during the course of the measurements,” and traces of car-
bon or oxygen contamination were not apparent in x-ray
photoemission data.
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. RESULTS

Using UPS to probe Hg, _, Cd, Te samples of different
compositions provides insight into the contribution of each
constituent to the electronic structure of the alloy. Measured
electron energy distnibutions show emission from the va-
lence states in the alloy as well as the Hg 54 and Cd 4 levels
Just below the valence bands. Both valence electron emission
and core lines exhibit compositional variation.

The details of the x dependence of emission from the va-
lence states for the four samples are given in Fig. 1 for
hv = 17 eV. The broad feature extending to ~ 3.5 eV below
the valence band maximum {VBM) corresponds to emission
from the largely p-like upper valence states in the alloy;
structure between — 4 and — 6 eV aries from the lower
valence states, which are mainly cation s-electron derived.’
The upper, p-like bands are qualitatively similar for all com-
positions; broad parks near — 1.8 and — 3.0eV and a weak
shoulder around — 1.0 eV are seen in each curve. In the
samples containing Hg, however, this region of states is
somewhat wider and the features occur further from the
VBM.

The cation s-derived states exhibit a much stronger and
systematic vanation with composition. As can be seen tn Fig.
1. these valence states in the alloy produce emission to a
lower energy than in CdTe. The energy of this contribution,

— 5.4 eV for the x = 0.2 sample, compares well with the
peak in the principally s-like band in spectra of HgTe** con-
firming that the states of this energy are of Hg origin. As the
Cd content 1s increased from x = 0.2, a feature around
-- 4.6 eV grows in intensity giving a broad peak forx = 0.39
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that we suggest is made up of Hg (~ — 5.4 ¢V) and Cd
{~ — 4.6 eV) related components. The correlation of the in-
tensity near — 4.6 eV with x is evidence that it is Cd derived.
Thus states of distinctly Hg or Cd origin are observed, indi-
cating that differences in the cation-Te bonds exist. The ver-
tical lines in Fig. 1 serve to highlight the x vaniation of the Cd
and Hg contributions; the exact energy of these states, how-
ever, may vary from that indicated by the lines in the figure.
The photon energy dependence of the valence electron
emission is presented for Av between 12 and 17 eV for
Hg, s Cdyp, Teand CdTein Fig. 2. As noted, the p-like upper
bands show similar structure. Peaks in the emission from
this region are observed to shift in binding energy as a func-
tion of photon energy. This dispersion is a resuit of k-con-
serving transition occuring between bandlike states.® The
dispersion is somewhat more extensive in the alloys than in
CdTe, but in all cases follows a similar pattern. For the lower
lying, s-like states, dispersion is not apparent, indicating that
these states are more localized. Localization 1s consistent
with the distinctly Hg or Cd ongin of these levels.
Differences in the cation bonding apparent in the separate
metal s-electron contributions to the valence electronmc
structure are also observed in the vanation in binding energy
of the cation d levels which lie just below the valence bands.
Figure 3, showing spectra recorded at 21 eV, details the joca-
tion of these core levels relative to the VBM for the four
samples studied. The peaks at — 7.9 and ~ 9.6 eV arise
from the spin-orbit split Hg 5d levels, while the Cd 44 hines
appear around — 10.4 ¢V and are split by 0.6 eV Apparent
in Fig. 3 1s a shift of 0.2 eV to nigher binding energy for the
Cdd levels in going from CdTe to the x = 0.39 alloy. The Cd
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FiG. 2 Photon energy dependence of valence electronic structure of
Hg, .Cd,Te Dispersion is observed in the upper states while the tower
states ( - 4t0 — 6 ¢V) appear stauonary
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FIG. 3. Companson of valence band and cation core level emission for the
four samples studied. Note the shift in the Cd 44 lines with the addition of
Hg.

and Hg contributions to the bonding, therefore, vary as the
average composition changes.

IV. DISCUSSION

The UPS results document differences in the cation-Te
bonds which appear predominantly in the cation s-derived
electronic structure. This can be understood at least qualita-
tively by considering atomic Hg and Cd. The valence s elec-
trons in Hg are bound 1.4 eV more strongly than those of Cd
while the p-state energtes are nearly equal. The difference in
Hg and Cd potentials seen by an s electron in the atomic
states remains in the alloy, resulting in distinct cation contri-
butions to the measured electron emission. As in the atomic
case, the Hg-derived states in the alloy are more tightly
bound. The shift in binding energy observed for the Cd 44
levels with the addition of Hg likely reflects the relative ease
of involving the more loosely bound Cd valence electrons in
bond formation. The direction of the shift suggests that Cd
becomes more ironic when it has Hg next-nearest neighbors.
As the Cd content decreases, therefore, the Cd bond strength
should increase.

Theoretical calculations of the band structure of
Hg, .. Cd, Te’ have been performed within the framework
of the virtual crystal approximation (VCA), in which the
random alloy is treated as a penodic lattice by replacing the
cation potentials by a compositionally weighted average of
the potentials of Hg and Cd. In this way, Hg-Te and Cd-Te
interactions are indistinguishable. In view of the UPS re-
sults, this approach appears unjustified over the full extent
of the valence electronic structure, although it may be appli-
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cable for the upper valence states.

A recent calculation by Chen and Sher® for Hg, _ , Cd, Te
has been performed using the coherent potential approxima-
tion (CPA). This treatment takes into account the difference
in cation potentials in evaluating the alloy electronic struc-
ture. The density of states thus obtained is quite similar to
the virtual crystal case for the upper p-like bands, but it ex-
hibits important differences in the mainly s-derived region
when compared to the virtual crystal results. In the virtual
crystal case, the peak in the density of states in the mainly s-
like band for an x = 0.31 alloy remains sharp and occurs at
an energy intermediate to those of the corresponding peak in
HgTe and CdTe. The CPA result,” which is reproduced in
Fig. 4, exhibits instead three broad features separated by
roughly } eV. The lowest and highest peaks correspond to
the Hg and Cd s-electron contributions respectively, while
the intermediate peak has cation p character and shifts to a
lower binding energy as the Cd content increases.® Also plot-
ted on the same scale in Fig. 4 is the electron distribution
obtained by UPS at Av = 21 eV. Overall, structure in CPA
density of states is reproduced in the measured distribution.
In particular, good correspondence is obtained for the Hg
and Cd related features in the lower group of states. Thus the
apparent increase with increasing x in the emission at — 4.6
eV in the measured distribution (see Fig. 1) results from a
reduction in the Hg component ( — 5.4 eV), a shift toward
the VBM of the p-derived component due to the higher Cd
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content, and an increased contribution from the states of Cd
s origin. The virtual crystal results,” also included in Fig. 4,
do not fit the data appreciably in this region. Both methods
accurately predict the features observed within roughly 2 eV
of the VBM That the VCA and coherent potential results
show such close agreement in the p-like states is not surpns-
ing given the highly bandlike nature observed for these states
in the photon energy dependence of emission from this re-
gion. Both calculations underestimate the width of the
bands, a trend in comparing theory and experiment observed
in other systems as well.*

V. CONCLUSIONS

UPS studies of the electronic struciure of Hg, ,Cd, Te
over a range of photon energies provide evidence of differ-
ences in the bonding of Hg and Cd. These differences are
most apparent 1n the separate contributions of the cations to
rhe mainly s-denved states in the valence electronic struc-
rure. The shift in binding energy of the Cd 44 levels indicates
that these differences vary somewhat with composition.

The states above — 3.5 eV appear to be bandlike, suggest-
ing that the VCA is applicable in this region To accurately
calculate the electronic structure of the alloy, however, dif-
ferences in the Cd and Hg potentials must be accounted for,
as seen in the good agreement between the CPA calculation
and the UPS results.

38

J. Vae. Sci. Technol., Vol. 21, No. 1, May/June 1982

ACKNOWLEDGMENTS

The authors gratefully acknowledge valuable discussions
with Professor W. A. Harrison. This work was supported by
DARPA Contract No. MDA-903-80-C496. Work was per-
formed at the Standford Synchrotron Radiation Laboratory,
which is supported by the NSF through the Division of Ma-
terials Research in cooperation with the Department of En-
ergy.

*National Science Foundation predoctoral fellow

" Permanent address: Fysisk Insttut, Odense University, Campusvej S5,
DK-5230. Odense M. Denmark

'Stanford W Ascherman Professor of Engineenng

'H. R Vydyanath, presented al the US Workshop on the Physics and
Chemustry of Mercury Cadm:um Tellunde, Minneapolis. MN, Oct. 28-30.
1981

*See portions of R Domhaus and G Nimtz. in Springer Tracts in Modern
Physics, Vol 78 (Spnnger. Berlin. 19761: and references therein

‘N J. Shevchik, J Tejeda, M Cardona, and D W Langer, Phys. Status
Sohidi B 59. 81 11973}

‘L.Ley.R A Poilak, F R McFeely,S D Kowalczyk.and D A Shirley,
Phys Rev. B9 60011974/

‘A. Sher (pnivate communication!

*The CdTe was supplied by I1-VI Compounds. Inc

) A Silberman, P Morgen, I Lindau, W E Spicer. and J A Wilson,
these proceedings

*W_E Spicer,in O -af Properries of Solids—New Developments, edited by
B O Seraphim iNona-Holland. Amsterdam, 1976

“An-Ban Chen and A Sher. these proceedings.




2.5
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Sputter profiling with Auger electron spectroscopy has been used to determine the depth profiles
ong.Cd.Te.andOinlmdicoxidaon(ﬂg.Cd)'l‘einaneﬂontomonitonhecomposiﬁonoﬁhe
oxides and the properties of the oxide-semiconductor interface. The measurements are
straightforward, but the analysis and extraction of atomic concentration profiles are complicated
due to nonstoichiometric erosion of the base material and possibly of the oxide. Conclusions from
thisuudurﬁerhvuﬁpdomabommcwmpmiﬁmofmenmicoMuwrpmmemmfwem
sﬁﬂdcpendmtonamonhuﬂundemﬂndingoftheﬁecuofbwenugyionbombndmtm

(Hg, Cd)Te.
PACS numbers: 68.60. + g, 79.20.Fv, 79.20.Nc

I. INTRODUCTION

In a number of recent studies of (Hg, Cd)Te and anodic oxide
layers on this material, ion bombardment techniques have
been used.'™ It emerges as a firm conclusion of all these
reports that preferential ejection of Hg takes place. It has
also been reported that even low doses of electrons induce
desorption of Hg from the surface regions of (Hg,Cd)Te sam-
ples,' and that consequently only x-ray or ultraviolet pho-
toemission spectroscopy (XPS or UPS) would be suitable
tools for the evaluation of surface atomic compositions of the
material. Thus concentration profiles have so far mainly
been obtained with XPS during bombardment with noble
gas ions.' For reasons detailed in Ref. 1, such profiles appear
with a low spatial resolution which would preclude the ob-
servation of details of the interfacial properties. In contrast,
using Auger electron spectroscopy (AES) one would be able
to obtain a significantly better spatial resolution and to re-
solve structure in the concentration profiles only limited by
the sampling depths of the Auger lines and artifacts induced
by the ion bombardment. The latter include surface rough-
ness, preferential sputtering, radiation (sputter) induced dif-
fusion and recoil implantation. ¢

In view of the depth resolution available using sputter
AES profiling, a program to understand the sputtering pro-
and apply the technique to depth profiles of anodic ox-
ides has been undertaken. The experimental results include
concentration profiles for (Hg, Cd)Te and anodic oxide lay-
ers obtained with AES during ion bombardment with Ne*
ions of 1.0-keV energy. The dita contributes to an under-
standing of some of the effects of the ion beam, especially
preferential sputtering and radiation induced diffusion,
which act to alter the composition of the material over the
range of the ion beam in the target. Comments can also be
made about the use of AES signals to determine the atomic
concentrations. It appears, finally, that not all of the discre-
pancies between presently available reports can be resolved.
As the most obvious reason for this we suggest that material
from different sources may be of dissimilar quality with re-
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spect to the amount of free Hg and other defects as well as
processing technique.

Il. BACKGROUND

The theoretical description of ion beam induced erosion
from multi-component samples is presently under develop-
ment® but far from complete. Some qualitative features are
already predictable, however, without resorting to a detailed
theory,’ and we shall make use of the most simplified con-
cepts as they seem relevant for our purposes.

An important concept is the inverse proportionality ex-
pected between the relative sputter yields and the surface
binding energies.® Thus measurements of relative sputter
yields could contribute to the understanding of the binding
of Hg, Cd, and Te in the lattice.

The main conclusion of a recent summary of the experi-
mental situation® is that clearcut cases of preferential sput-
tering are hard to find, but combinations of radiation en-
hanced diffusion and recoil implantation seem to be the rule.
Thus in the present context we will assume that these are the

Litcary wsnts)
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FIG. 1. AES signals (peak-to-peak heights) during ion bombardment of a
500-A anodic oxide on Hg, , Cd, , Te. During the period with flat profiles, a
high-resolution scan of the AES lines was recorded for quantification. |
keV, Ne*, 5 keV electrons.
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effects we have to look for when analyzing the observed con-
centration profiles. For more details the reader is referred to
Refs. 5 and 6.

. EXPERIMENTAL

The experiments were carried out in a commercial ultra-
high vacuum system (Varian) with a single pass cylindrical
mirror analyzer, 10-keV integral electron gun, and a 3-keV
ion gun.

The experimental results and procedures are illustrated in
Fig. 1. This figure presents the observed AES signals (peak-
to-peak height of the Auger line in adN /dE spectrum) for an
anodic oxide of 500 A. A profile of an etched, air exposed
(lightly oxidized) (Hg, Cd)Te sample is shown in Fig. 2.

Effects of the electron beam were evaluated prior to sput-
tering by monitoring the AES signals under different irradia-
tion conditions. Thus a narrowly focused beam with a high
current was indeed found to induce desorption and decom-
position of the surface. However, scanning the beam spot
across an area of approximately 200 X 200u and reducing the
current to 1 4A was sufficient to obtain constant signals over
periods of the order of half hours. This condition was always

| i ) R T Al —l
|— Hy,. Cd , Te (111) 1

lkeV iNe®  SkeV electrons

=
|
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H, (arbitrary units)

L ] ! 1 a1
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-

F1G. 2 AES signals dunngion bombardmentofa Hg,,Cd,,Te wafer
which had been etched in DMF prior to the measurements.
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ascertained before initiating the ion bombardment. Thus for
the present results, no effects are encountered of the electron
beam on the concentration profiles.

The ion beam profile was extended to erode an area much
wider than that sampled by the electron beam to insure the
Auger signal originated from the flat portion of the sputter
crater, thereby giving high depth resolution. The present ion
gun further produces an optimum flatness of the eroded sur-
face by a random rastering mechanism (Varian).

IV. DISCUSSION

Let us first examine the shapes of the concentration pro-
files as gauged by the AES signals (Figs. 1-2). The two sets of
measurements were done under similar experimental condi-
tions. Upon initial variation of the AES signals after starting
the bombardment, the signals flatten to an approximately
steady state. For the lightly oxidized sample (Fig. 2) they stay
relatively flat, but for the oxide (Fig. 1) variation in the sig-
nals is observed as the substrate is approached by the erosion
of the oxide. A reasonable assumption here is that this is
indicative of flat profiles. of the real concentrations for the
bulk of the oxide. The oscillatory behavior of the AES sig-
nals at the surface and interface represents real concentra-
tion variations but also includes effects due to recoil implan-
tation in combination with unequal sputtering rates of the
constituents. A separate series of experiments is being devot-
ed to study these effects during sputtering in the (Hg, Cd)Te
system. This work is still in progress but we quote here the
most relevant objectives. By varying the mass and energy of
the ions, we can change the sputtering cross sections® and
ranges of ions in the target. A comparison of profiles as the
ones in Figs. 1 and 2 taken under such different conditions,
and for different fluxes, is ultimately expected to permit the
evaluation of preferential sputtering (different relative sput-
ter yields) as separated from radiation induced diffusion and
allow quantitative analysis of the transient signals observed
at the surface and interface.

At present we limit ourselves to discuss results for the
concentrations as obtained from the flat parts of the profile
of Fig. 1. Using standard factors’ to correct for escape depth,
analyzer transmission, and Auger cross section, we find the
oxide composition to be 4% Hg, 25% Cd, 19% Te, and 52%
O. (The Hg concentration given is the average of that ob-
tained using the 2078 and 76 eV transitions.) It has been
suggested” that the sensitivity factors used’ result in an over-
estimate of the Hg concentration and a Cd concentration
which is too small. These values may also be altered from the
true composition by effects of the sputtering process.

An important consideration in assessing the accuracy of
the derived composition is the possibility that the composi-
tion will not be homogeneous throughout the volume sam-
pled as a result of the ion interaction. The Hg Auger transi-
tion at 76 eV kinetic energy samples a region approximately
5-A thick® while the higher energy transition (2078 eV)
probes 25-30 A into the sample. Inhomogeneity can there-
fore have a strong effect on the composition as determined
by the two Auger lines or in comparing Auger and x-ray
photoemission derived profiles.

WOTRTp——" |
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V. CONCLUSIONS

Ion beam bombardment, as used for cleaning or depth
profiling of (Hg, Cd|Te, is found to induce deviations of stoi-
chiometry and changes in the spatial distribution of con-
stituents near the surface. The derivation of details of the real
concentration profiles, from XPS or AES signals, for oxides
and other technologically important heterostructures could
be hazardous without a basal knowledge of these effects.
However, from the present results some unambiguous con-
clusions can be drawn: The oxide is Hg deficient and the
interface is relatively sharp (~ 50-A wide).

In this report we have presented data from an ongoing
study which is meant to distinguish the effects of preferential
sputtering, radiation induced diffusion, and recoil implanta-
tion in order to obtain accurate depth profiles.
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X-ray and ultraviolet photoemission spectroscopy (XPS and UPS) at 21.2 eV have been used to
determine the stability against Hg evaporation of cleaved (110) surfaces of p-Hg, _,Cd, Te
(x = 0.2, 0.31, 0.39) in vacuum at room temperature. No evidence of Hg loss was obtained for
periods of observation from five to twenty hours. However, oxygen excited by an ionization gauge
and Ne ion sputtering both produced preferential loss of Hg.

PACS numbers: 68.45.Da, 79.60.Eq, 81.40.Gh

I. INTRODUCTION

Because of the large difference in bonding energy of Hg and
Cd in the alloy Hg, _ ,Cd, Te—the heat of atomization of
HgTe is 30% less than that of CdTe—there has been consid-
erable concern as to the stability of the alloy surface with
respect to room temperature evaporation of mercury.'~* This
question 1s of practical importance since Hg, _,Cd Te is
emerging as the premier infrared detector material, and the
electronic and optical properties of devices fabricated in this
material depend strongly on alloy composition.* It is also of
fundamental interest because the pseudobinary constituents,
CdTe and HgTe, are believed to be miscible in all propor-
tions despite the difference in cation bond energies.*
Preferential evaporation of Hg has been observed in disso-
ciation,® vapor deposition,® and vapor-solid equilibrium’
studies at moderate and high temperatures. Room tempera-
ture mercury out-diffusion and evaporation were mecha-
nisms proposed to explain n- to p-type conversion observed
in samples stored for periods of three to thirteen years in
air.'* Recently, Nitz er al.* measured the change in surface
composition with time at room and elevated temperatures of
Hg, s Cd,, , Te samples prepared by scraping the surface in
vacuum or by ion bombardment. The concentration of Hg
was reported to decrease by 25% in less than three hours at
290 °K." For p-type alloy crystal surfaces prepared by cleav-
ing in vacuum, however, we observed no evidence for loss of
Hg at room temperature for periods of tens of hours. A loss
of Hg was observed, however, from surfaces exposed to oxy-
gen excited by an operating ionization gauge or bombarded
by 3-keV Ne ions.” These results suggest that the structural
imperfections in the lattice in the surface region are an im-
portant factor in the compositional stability of the alloy.

Il. EXPERIMENTAL

Toinvestigate thestability of Hg, _ , Cd, Te surfaces, XPS
using AlKa x rays 11486.7 ¢Vi and UPS with 21.2 eV pho-
tons from a synchrotron source were employed to determine
and monitor the surface composition of p-type
Hg, ,Cd, Te single crystals with x = 0.2, 0.31. and 0.39.
Atomically clean surfaces were prepared by cleaving along a

154 J. Vac. Sci. Technol., 21(1), May - June 1982

42

0022-5355/82/050154-03%301.00

{110) face in vacuum (10~ '® Torr). The cleaved surfaces were
highly reflecting and generally smooth, with regions of
planar and contoured topology. The position of the Fermi
level at the surface was determined from the high energy
cutoff of emussion (Fermi level) from a gold film evaporated
onto a stainless steel substrate in electrical contact with the
semiconductor samples.” All spectra were recorded using a
double pass cylindrical mirror electron energy analyzer.

In a separate experiment, UPS and XPS were additionally
used to examine the effects of two perturbations to the
cleaved surface: exposure to oxygen in the presence of an
operating ionization gauge and Ne ion sputtering.® The UPS
measurements were on this occasion performed using 21.2
eV photons from a He discharge with monochromater. Op-
eration of an ionization gauge has been found to greatly en-
hance oxygen uptake®'® and, in this case, exposure of
x =0.31 material to 3x10° L and 4x10* L {1 L=10""
Torr-s) was performed with 9 and 0.4 mA emission current at
oxygen pressures of 2.5x 107" and 0.35 Torr, respectively.
Cleaved surfaces of x = 0.31 and 0.39 composition were
sputtered for 15 min with 3-keV Ne ions at 15 uA/cm’.
Impurity gas pressure during sputtering was kept negligibly
low by virtue of a cryopanel cooled t> liquid nitrogen
temperature.

IN. RESULTS

UPSspectraof Hg, ,Cd, Tetakenat21.2eVaregivenin
Fig. 1 for x = 0.39, 0.31, and 0.2. In each case. two spectra
are presented for comparison: the solid line corresponds to
emission measured within 25 min of cleaving, while the dot-
ted spectrum represents the surface 5, 18, or 20 h later, as
indicated in the figure. Because the two curves are virtually
identical in each case, the dashed spectra have been dis-
placed vertically to facilitate comparison with the solid
curves. The position of the Fermi level at the surface is indi-
cated above the valence band edge in the figure, and the
valence band maximum has been taken as the onset of emis-
sion. While this method of locating the valence band maxi-
mum tends to reduce the measured Fermi energy, the Fermy
level in many cases. such as those shown in Fig. 1, appears to
be pinned above the expected bulk position. Further study 1s
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FiG. | Companson of photoemussion spectra {21.2 eV) taken immediately
after cleaving isohid) and at a time T later (dashed) as indicated. The dashed
spectra are virtually indisinguishable from the solid curves and so have
been displaced to facilitate companson. Compositions are x = 0.2, 0.31,
and 0.39. hv = 21.2 eV.

required to fully understand the apparent p- to n-type con-
version of the surface. Emission from the valence bands is
clearly discernible to — 6 eV. Details of a study of valence
band structure as a function of composition and photon en-
ergy are reported separately.''

The sharp peaks below the valence bands in Fig. | are due
to the spin-orbit split. atomic-like Hg 5d { — 7.9 and — 9.6
eViand Cd 4d levels | — 10.4 and — 11.0 eV). The appear-
ance of these features in the 21.2 eV spectra permits monitor-
ing of relative changes in the Hg and Cd concentrations
within 15 A of the surface.'* This is evident in Fig. 1 in the
systematic decrease in intensity of the Hg 54 peaks relative
to the Cd 44 lines as the CdTe mole fraction changes from
x = 0.2 to x =0.39. Such changes are not observed in the
core line emission as a function of time for the curves of Fig.
1. indicating the compositional stability of the surface. A
constant surface composition would result from a balance
between Hg evaporation from the surface and readsorption.
To maintain the core level intensity within 5% over the 20 h
of observation for the sample of highest Hg content
{x = 0.21, the equilibrium Hg vapor pressure would have to
be 1x 10~"" Torr, assuming a unity sticking coefficient for
the readsorbing Hg. This figure thus represents an upper
limit on the vapor pressure over a cleaved surface at room
temperature. The actual vapor pressure is believed to be
much lower. For companison, the vapor pressure at room
temperature extrapolated from measurements at higher
temperatures range from 3x 10~ '*~2x 10~° Torr™” for Te-
saturated samples with x = 0.2.
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F1G. 2. Photoemission spectra of (a) Hgo oo Cdo , Te after exposure to 4 x 10°
L O, in the presence of an operating 1on gauge, and (b an x = 0.31 surface
after Ne ion sputtering. Note reduced Hg 54 enussion relative to Cd 4d in
comparison to the clean x = 0.31 surface in Fig. | hv=212eV

To determine whether the surface composition had rapid-
ly changed in the brief period between cleaving and the first
measurements, the surface composition was determined us-
ing XPS after the periods indicated in the figure had elapsed.
Elemental concentrations were obtained by correcting the
areas under the Cd 3d,,., Te 3d; ., and Hg 4f. , peaks in
XPS spectra for analyzer transmission, photoionization
cross section,'* and electron escape depth,'* and setting the
total to 100%. The x = 0.39 sample was found to be 27%
Hg, 21% Cd, and 52% Te (x = [Cd]/[Te] = 0.4}, while the
x = 0.2 sample was composed of 35% Hg, 109% Cd. and
55% Te (x = 0.18). X-ray photoemission data were not ob-
tained for the x = 0.31 sample. Due principally to the uncer-
tainties associated with the correction factors. the concen-
trations derived are estimated accurate to 10-15%. The
precision indicated by the results is better, however: dou-
bling the nominal x value results in double the measured Cd
concentration to within 5% with similar precision in the
scaling of the Hg concentration with 1 — x. Thus, within the
experimental error, the composition of the surface region
remains the same as that of the bulk.

The cleaved surface was found to be highly inert to ground
state oxygen.” The effects of exposure to excited oxygen and
ion sputtering on surface composition are illustrated 1n Fig.
2. Spectrum (a) was obtained from an x = 0.31 surface after
exposure to 4 X 10* L of oxygen in the presence of an operat-
ing ionization gauge. The peak in the valence band around
— 4 eV arises from bound oxygen. A decrease in the emis-
sion of the Hg 54 lines relative to the Cd 4d emission for the
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oxidized surface is evident by comparison to the clean spec-
trum of x = 0.31 material in Fig. . A similar loss of Hg is
apparent in Fig. 2(b), the spectrum of an x = 0.31 surface
after sputtering. Preferential sputtering of Hg has been re-
ported by several investigators™'*'® and Cd*'*'® enrich-
ment has been noted to accompany Hg loss for the sputtered
surface and for scraped surfaces.’ In the present experi-
ments, XPS results confirm the loss of Hg observed in 21.2
eV spectra and document an increase in Cd concentration at
the surface for both sputtered and oxidized surfaces. Pertur-
bations to the surface such as oxidation and sputtering thus
have a marked effect on surface composition.

IV. DISCUSSION

Based on the UPS data and the agreement between the
measured surface region composition with the expected bulk
valve, we find no evidence for loss of Hg from cleaved sur-
faces at room temperature for periods up to 20 h. Within 3 h,
on the other hand, a loss of 25% of the Hg at the surfaces has
been reported for scraped surfaces. ' Stoichiometry may have
some bearing on the stability of the cleaved surface reported
here and the evaporation rate from a scraped sample ob-
served by Nitz era/ The vapor pressure at elevated tempera-
tures 1s greater over samples which are Hg-saturated than
those which are Te-saturated.” The samples used in the UPS
study were solid-state recrystalized, p-type bars and, owing
to tharr large extent 16 x 6 10 mm), had not been post-
growth annealed. It is likely that they were somewhat Te
nich. Stoichiometry does not appear important, however,
based on the results of Faurie,'” who finds for molecular
beam epitaxial Hg, _ ,Cd, Te layers a low vapor pressure in
agreement with our results but for n-type, presumably stoi-
chiometnic layers. The similanty of the results of the UPS
study and that of Faurie' " suggest that stoichiometry is not a
significant factor determining the rate of Hg loss and sup-
ports a second possible contribution.

It is suggested that the more important factor influencing
the stability of the alloy surface 1s sample preparation. De-
fects or dislocations introduced in preparing the surface or
inherent in the matenal are likely to affect the electronic and
mechanical properties of surfaces and interfaces.'” The en-
hancement of Hg diffusion along a grain boundary has been
recently observed.'” Thus, lattice damage is perhaps the key
difference in the evaporation rate observed for scraped” and
powdered" samples and the stability found for cleaved bulk
crystals and MBE layers.'”

V. CONCLUSIONS

These experiments cannot be used to assert the stability of
Hg, .Cd,Tefor periods of years due to the comparatively
short (20 h) period of observation. They do suggest. however,
that the structural perfection of the surface region is, per-
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haps, the most important factor determining compositional
stability. Additional study is necessary to understand this
relationship in a detailed way.
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Summary Abstract: Cation bonds in Hg, _,Cd, Te®
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PACS numbers: 73.20.Cw,79.60.Cn

The surface properties of the alloy Hg, , Cd, Te, we believe,
reflect differences in the chemistry of Hg and Cd. In an effort
to understand these differen es. an experimental and theo-
retical investigation of the ele.trozuc structure has been un-
dertaken. Ultraviolet photoerission spectroscopy using
photon energtes between 7 ard 30 eV from a synchrotron
source were used to study, cleaved 1110) surfaces of x = 0.2,
0.31, and 0.39 aiioys and CdTe.' These results can be com-
pared 10 recent calculations® of the density of states of the
alloy for these compositions. Using a tight binding approach
and Gaussian orbitals, the theory was performed in two dif-

n(E) (arbitrary units)

-16 -5 0
INITIAL STATE ENERGY (eV)

Fic. | Photon energy depend of n from CdTe and
Hg,1Cdo, Te for 12 <Av <17 eV While structure 1n the upper valence
bandsabove — 3.5eV shifts as a function of Av. the sharp peaks lower in the

valence emission are essentially stationary

ferent ways: using the virtual crystal approximation (VCA),
which treats the alloy as a peniodic crystal with a cation
potential which is a compositionally weighted average of the
Hg and Cd potentials; and using the coherent potential ap-
proximation {CPA), which, unlike the VCA, accounts for
the scattering induced by the aperiodic nature of the cation
potential.”

The UPS results show emission from two groups of va-
lence states. The upper bands (within about 3.5 eV of the

T T T T T L T T T T T

Hg, Cd Te

hy =17 ev

n(E) (arbitrary units)

T
L

-5.0 -2.5 0
INITIAL STATE ENERGY (eVv)

F1G. 2. Energy distribution curves at Av = 17 eV showing the compositional
vanation of structure of the lower, principally s-like group of states. The
vertical linc at — 5.4 eV serves to highlight Hg-denved states: these states
are absent in CdTe. As the Cd content (x| increases, the emission near — 4.6
eV increases: this feature thus appears to be Cd denved.
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™ A L o \J T T

Hg 69 Cdg 31Te

—— CPA CALCULATION
——VCA CALCULATION
¢ ¢ s UPS RESULTS (21ev)

m—F 1Y

——

{arbitrary untts)

ENERGY (eV)

FiG. 3 Companson of experimental results idotted; with the density of
states calculated under the VCA (dashed) and CPA isolidi methods. The
peaks at — 5.5 and — 4 ¢V in the CPA calculation are of s-character and
change 1n intensity with the Hg and Cd content. respectively; the peak at
— 5 eV 1s pdenved and shifts toward the VBM with increasing x.

valence band maximum| are mainly p-like and exhibit dis-
persion as a function of photon energy (Fig. 1) characteristic
of k-conserving transitions in a periodic potential. Both the
VCA and CPA approaches give highly similar densities of
states in this energy range. The lower lying group of states (4
to 6 eV below the valence band maximum)on the other hand,
does not show appreciable dispersion with Av. While emis-
sion from the upper, mainly p-like states is qualitatively simi-
lar for all composttions studied, the lower group, which is
roughly 60% s-electron derived, exhibits features which cor-
relate separately to Hg or Cd in their compositional depen-
dence (Fig. 2). This behavior is predicted well by the CPA
calculation, while the VCA results, which give a single peak
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in this region for all compositions which shifts monotonical-
ly with x, do not fit the data appreciably (Fig. 3).

The separation of Hg and Cd s-electron derived states in
the alloy can be understood, at least qualitatively, by consid-
ering atomic Hg and Cd. While the (unoccup’=1) p-states
occur at nearly the same energy, the valence s-electrons tn
Hg are bound 1.5 eV more strongly than in Cd, perhaps
rendering Hg-Te bond formation more difficult relative to
Cd-Te bonding. A shift to higher bonding energy of the Cd
4d lines relative to the valence band maximum upon a
change of x from 1.0 (CdTe) to 0.39 observed in the UPS
data' is consistent with this atomic Jescniption.

We suggest the breakdown of the virtual crystal model for
the s-derived valence states indicates important differences
in the cation—Te bonds. Such differences in the bulk bonding
are of importance in fully understanding the surface proper-
ties of the alloy. For example, Hg loss observed from sput-
tered,>* scraped,® and oxidized® surfaces is accompanied by
at jeast partial replacement of the Hg by Cd, perhaps indicat-
ing that Cd-Te bonds are favored. In addition, 1t may not be
possible to separate surface from bulk properties; disloca-
tions and defects near the surface may have 1 first-order
effect on surface stability.® The ease with which these lattice
defects are formed may also be a consequence of the differ-
ence in cation bonds.
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2.8 Dominance of Atomic States in a Solid: Selective Breakdown of the Virtual
Crystal Approximation in a Semiconductor Alloy, Hg,_,Cd, Te
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Ultraviolet-photoelectron-spectroscopy experiments and a coherent-potential-approxi-
mation calculation of the density of states of Hg,., Cd, Te show a clear deviation from
virtual crystal behavior in bands - 3 eV below the valence-band maximum where there
is a 607 s-electron contribution. The large (=~ 1.4 eV} atomic s-state shift between Hg
and Cd is responsible for this deviation, as well as for the decrease of the band gap (1.5
to v e\ with composition, the high electron mobility (10 cm*/V s), and difficulties ex-
perienced with growth and mechanical properties.

PACS numbers: 71.25.Tn, 79.60.Eq

Over ten years ago, it was firmly established® prime candidates for use in infrared photodetec-
that metallic allovs such as NiCu required con- tors. Enormous electron mobilities (> 10¢ ¢cm?
sideration of mar«edly different potentials for V s) are found for small band gaps, confirming
each atomic species. This forced the abandon- the occurrence of extremely nonlocalized wave
ment of the rigid-band model for metallic alloys functions near the band edges.® As we will see,
(which had been widelv accepted up to that time) the breakdown of VCA occurs deep in the valence
and had enormous significance for fields extend- bands, where the states are more localized and
ing from metallurgy to catalysis. In contrast, have a large atomic s’ character.
the relatively simple virtuai crystal approxima- Ultraviolet-photoelectron-spectroscopy meas-
tion (VCA), 1n which average potentials are as- urements were made on samples cleaved along a
signed to each sublattice site, had been success- (110) face in ultrahigh vacuum (p <10°'*° Torr)
ful with semiconductors. with photon energies ranging from 7 to 30 eV on

The objectives of this paper are to (1) show four compositions, v=0.2, 0.31, 0.39, and 1.
definitive experimental and theoretical evidence Figure 1 shows energy distribution curves
for the selective breakdown of VCA in a semi- (EDC’s) for 12 - hv - 17 eV (resolution <0.2 eV)
conductor allov (Hg,. Cd, Te), (2) establish that for an alloy sample and CdTe. The valence-band

) the coherent-potential approximation (CPA) works maximum (VBM) is taken as the zero of energy.
well where VCA fails, and (3) explain the physics Two major groups of valence-band features ap-
underlying the shortcomings of the VCA in terms pear between - 3.5 and 0 eV, and one between -6
of the atomic orbitals involved. and - 4 eV. The upper feature exhibits disper-

Hg,.,Cd, Te exhibits a number of properties sion characteristic of delocalized states.* The
that are both of fundamental interest and suitable lower feature shows no dispersion {as would be

! for exploitation.” Because the lattice constants expected for a more localized state), and it is
of HgTe and CdTe are nearly identical, the entire here that breakdown of VCA is found. This same
composition range can be made in the zinc-blend qualitative valence-band behavior was found in all
structure with a continuous change of band gap Hg,., Cd, Te samples.
from 1.5 eV (CdTe) to 0, making these materia's In Fig. 2, we examine the experimental struc-

& 948 & 1982 The American Physical Society
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FI1G. 1. Photoemission energy distribution curves
for CdTe and the alloy Hg,4Cd,,Te. The number of
electrons detected is plotted vs initial state energy
with the origin set to the valence-band maximum.
Contrast the relatively large dispersion and widths of
the "'p-like”” bands within 3.5 eV of the valence-band
maximum (VBM) with the small dispersion of the band
centered about 5 eV below VBM. This band is relative-
ly narrow in CdTe but broadened by the alloy effects in
Hg,., Cd,Te.

ture between - 3.5 and — 7 eV as a function of
composition and compare it with the VCA and
CPA calculations. The calculations give the den-
sitv of states (DOS); because we found negligible
dispersion for the features in this energy range,
the EDC’s should be closely related to the cal-
culated DOS and can legitimately be compared.
The experimental and theoretical curves were
aligned in energy by superimposing the leading
edge of the EDC’s (i.e., experimental VBM) with
the VBM given by the calculations. The structure
in the calculated curves is sharp in comparison
with the experimental curves. This results (at
least in part) from the fact that no broadening
has been put into the calculations to account for
the finite (- 0.2 eV) experimental resolution or
other broadening effects. Furthermore, the low-
energy scattering-induced tail 1n the EDC has not
been subtracted trom the data.
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JIATUAL CRY:TAL
APPROXIMATION

COHERENT POTENTIAL
APPROX MATION

DENSITY OUF STATE . (8 buia y uniy

ENERGY ev:

e THEQRETICAL EXPERIMENTAL

FIG. 2. Comparison of theory and experiment for
Hg,.y Cd, Te for the compositions indicated by the val-
ue of x in the figures. The virtual crystal approxtma-
tion clearly does not agree with experiment for the al-
loys, whereas the agreement with coherent-potential
theory is surprisingly good. No “‘experimental’’ br .ad-
ening has been included in the theoretical curves, nor
has background been subtracted from the experimental
curves.

Figure 2 shows that the general experimental
features and trends in the alloys are predicted
well by the CPA, but not by the VCA: The VCA
predicts a peak with a relatively narrow total
width (~ 0.5 eV), which moves monotonically 1n
energy from CdTe (- 4.6 eV—weighted average
of the doublet) to that calculated for HgTe (-5.5
eV—not shown in curves, because no experi-
mental data were available for HgTe). Most im-
portantly, the width of the VCA-predicted peak(s)
does not increase appreciably with energy The
CPA results (in agreement with experiment) 1n-
crease in width as one moves from CdTe into the
alloys. For 1=0.39 eV, both experiment and CPA
give a width of =2 eV, rouchly four times what
would be predicted by VCA. More detailed exam-
ination of the ¥ =0.39 and x =0.31 CPA curves
indicates that peaks can be resclved near - 5.6
and - 5.0 eV and that there exists a weaker
shoulder near — 4.2 eV. CPA calculations iden-
tify the origins of these three features: The
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- 5.6-eV peak and the shoulder are due to Hg-

and Cd-derived s states, respectively; the in-

‘. rmediate peak is a “VCA-like” peak with p sym-
metry. Note that it lies at the same energy as

the VCA peak (left panel of Fig. 2) and, insofar

45 can be seen, moves with energy, as does the

\ CA peak.

The theory proceeds in three steps: obtaining
accurate band structures for HgTe and CdTe,
characterizing the disorder of the potential in
the alloys, and executing the CPA calculation.®
The Hamiltonian matrix 4 ,(k) for a given kis
calculated in the manner described in Ref. 5 with
use of published® local empirical pseudopotentials.
A systematic orthogonalization and E-'mtegration
procedure transforms the initial Gaussian orbital
sp? set into a set of completely orthonormal atom-
iclike orbitals (OAQ). The diagonalization of
H(k) then yields a band structure without the spin-
orbit splittings. The spin-orbit interaction is in-
corporated as a simplified Animalu model.” The
other relativistic corrections (the velocity term
and the Darwin term) do not alter the symmetry
of H(k) and are partially taken into account in
H(Kk) by the choice of the parameters in the em-
pirical pseudopotential.

Because of the limitations of local pseudopo-
tentials and the truncated basis set, the net
Hamiltonian H(k) - H ..(k) introduced thus far
yields results differing from experiment by
~5%. The corrections needed to reach agree-
ment with experiment are incorporated into the
theory (as justified previously) by the addition of
a localized perturbation Hamiltonian H,.*

To facilitate the characterization of the local
interactions and tke CPA calculation, the OAO
set is next transformed into completely ortho-
normal cell orbitals (OCO) with proper sym-
metries. The minimum basis then consists of
two A, and six T, OCO’s. When spin is included,
each A, becomes two I, OCO’s, and the six T,’s
become four I', and eight ', OCO’s. The crystal
Hamiltonian matrix in the OCO basis for a given
cell becomes block diagonal into eight 2x 2 ma-
trices: two in T, two in I',, and four in T
representations. Because all the 2 - 2 matrices
for a given representation are the same, there
are only nine independent single-ceil interac-
tions: six diagonal energies €,(I',), ¢ =1,2,
n=6,7,8; and three off-diagonal interactions y ,.
These local energy parameters for HgTe and
CdTe have been determined from parametrized
band structures; their values are listed in Table
[. Note that major differences between HgTe
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TABLE 1. Intracell Hamiltonian matrix elements for
HgTe and CdTe.

Local Intracell Hamiltonian
energy matrix element (e\?
parameter HgTe CdTe

€Ty -12.96 -11.19
€Ty -2.26 -2.27
e -2.52 -4.31
€,(Ty -17.18 -6.58
€Ty -1.45 ~1.45
7 -3.59 -3.43
€,(Cy -1.08 -6.53
€Ty -1.42 -1.43
s -3.61 -3.43

and CdTe are in the € (I;) and », terms; these
terms are influenced strongly by the 5s% and 6s?
valence orbitals of Cd and Hg, respectively.
(The physical significance of this is discussed
below.) The antibonding €,(I'y) and all the other
states (which have T, or p-like symmetry) have
small energy differences.

In the OCO basis, the alloy Hamiltonian can be
written as H=F +3,,V,, where H is the average
periodic VCA Hamiltonian and the random part
V. is the sum over nine terms of the form (y,")
x8€,5(¢, 8, where the ‘¢, °} are the OCO’s of the
Ith cell, and 8¢ 3 are the deviations from the
mean for the nine intercell interactiuns. I only
the diagonal terms in V', are retained, then the
CPA calculation reduces to the one reported be-
fore.®

Why has VCA worked so well in other semicon-
ductors but performed poorly with Hg,_, Cd, Te?
First, note that Hg,_, Cd, Te is the first “covalent”
semiconductor alloy studied containing “light” (Z
<57) and heavy (Z >78) atoms. The explanation
lies in the atomic orbitals of these atoms. The
relative binding energies of the p and s orbitals
of the cations in covalent semiconductors do not
change appreciably as one moves through the
periodic table until one moves from atomic num-
bers below 57 to those above 78. Above Z =178,
the s orbitals become markedly more tightly
bound with respect to the p (or other higher-

‘angular-momentum orbitals) as relativistie terms

(which tend to decrease the orbital radius) be-
come important. This 1s because the valence ~
orbitals, which penetrate the nucleus much more
than do the orbitals with nonzero angular mo-
mentum, are more seasitive to these terms. We
shall refer to this effect as the s shift. In the

o ]
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present case, the ionization energy of the Hg 6s?
valence electrons is 1.4 eV higher than that of the
Cd 5s°. It should further be noted that the work
in the early 1960’s showed? that both the decrease
of E, to zero and the high electron mobilities are
assoctated with the metal s states of the conduc-
tion band decreasing in energy with increasing

Hg content until they mix with the p states to form
“he valence-band maximum. We thus identify
three phenomena (the breakdown of VCA, E, go-
ing to zero, and high electron mobility) as re-
sulting from the Hg 65* atomic levels being sig-
nificantly below the Cd 5s? levels.

Hg,.,Cd, Te is perhaps the most promising
material available for photodetection throughout
the infrared, yet it has not been widely exploited.
This may be because of difficulties in growing
and handling the material?; we suggest that this
also results from the s shift” (i.e., selectivity
increasing the bonding energy of the Hg valence
s levels, which weakens the Hg-Te bond and leads
to the difficulties mentioned above).

It is our hope that this paper will stimulate
work to test our suggestions. Such work is great-
ly needed, both for fundamental understanding
ard to guide (and reduce the cost of) practical
work.

This work was supported by U. S. Defense Ad-
vanced Research Projects Agency Contract No.
MDA 903-80-C496 and U. S. Air Force Office of
Scientific Research Contract No. F49620-81-
K0012; work was performed at the Stanford
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UNUSUAL BEHAVIOR OF Hg)_,Cd,Te AND ITS EXPLANATION"
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This paper involves an unusual semiconductor alloy, Hgy., Cd Te, a breakdown of the
Virtual Crystal Approximation (VCA) in that alloy (the first such breakdown in a semi-
conductor alloy), the success of the Coherent Potential Approximation (CPA), the
“"first order” explanation of these results {n terms of energles of atomic valence lev-
els, and the qualitative explanation of the unusual properties of Hgl;xcdee in terms

of the results reported above.
spectroscopy-.

The genesis of the work was the use of photoemission
Cd and Hg core shifts are detected as a function of alloy composition

and related to bonding concepts developed here.

1. INTRODUCTION

Hgl_xCdee is a semiconductor alloy crystalliz-
ing in the zin¢ blende structure in vwhich Hg and
Cd randomly occupy sites on the cation sublat-
tice. Until recently, the electronic structure
of Hgl_xCdee and all other semiconductor alloys
has been theoretically treated within the frame-
work of the Virtual Crystal Approximation (VCA),
in which the potential used ts a compositionally
weighted average of the potentials of Hg and Cd.
This approach hag been shown to be consistent
with the nearly linear vartation of the bandgap
in this alloy from 1.5 eV to zero with increas—
ing Hg conteng [L=5] and the large electron
mobility (~10 cmzlv-sec) found for narrow band-
gap compositions. The volacility of Hg at
slightly elevated temperature (h] aand the rela-
tive ease of forming Hg vacancies, on the other
hand, suggest that the bonding differs for Hg
and Cd and that the electronic structure of the
alloy should reflect the difference in potenttal
of the Hg and Cd sites.

To investigate the electronic structure of
Hgy.4Cd,Te, we have used Ultraviolet Photoem{s-
sion Spectroscopy (UPS) with photon energies
from 7 to 30 eV to examine single crystal alloys
of three compositions and CdTe. The UPS results
are compared to a recent calculation of the
alloy density of states (7] computed using the
Cohetent Potential Approximation. CPA, unltke
VCA, retains the aperiodic nature of the cation
potential. In the UPS data, the upper, mainly
p-like valence states within ~3.5 eV of the

Supported by DARPA Contract No. MDA 903-80-
€496 and 1n part by AFOSR. A portion of this
work was performed at the Stanford Synchro-
tron Radition Laboratory which is supported
by the National Science Foundation through
the Division of Materials Research.
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valence band maximum (VBM) were found to be
band-like and qualictacively similar for all com-
positions studied {n agreement with VCA calcula-
tions. In contrast, the lower lying states near
S eV below the VBM, which are principally metal
s-electron derived but contain 40% cation p-
character, are more locallzed and reflect dis-
tinctly Hg or Cd parentage. Thus, the UPS data
document differences in the coantributions of the
two cations to the electronic structure of the
alloy and the selective breakdown of the VCA for
the mainly metal s-electron band (8]. These ob-
servations are confirmed by comparison to the
CPA calculation. The origin and consequences of
the difference in cation bonding are discussed
below.

2. EXPERIMENTAL

lean surfaces of single crystal samples of
Hgl_xCdee (x=0.2, 0.31, 0.39) grown by solid
state crystallization (Santa Barbara Research
Center) and a sample of CdTe (II-VI Inc.) were
prepared by cleaving thfosamples along a (110)
face in vacuum (p < 107" torr). Light from a
synchrotron source was incident on the cleaved
surface at a 75° angle to the surface normal and
largely p-polarized. A double pass cylindrical
mirror electron spectrometer with symmetry axis
along the sample normal performed the energy
analyais of the emitted electrons. Electron
Energy Distributions Curves were recorded for
photon energies ranging from 7 to 30 eV. The
energy resolution {n the spectra obtained {s be-
lieved to be better than 0.2 eV. 1In a separate
experiment, a spectrum of cleaved (110) HgTe was
recorded in a sim{lar manner, but using a He
discharge with monochromator as light source.

3. RESULTS

The gselect{ve breakdown of the VCA {s apparent
in the photon energy and compositional
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dependence of the photoemission spectra. Peaks
in the emission from the upper, mainly p~like
valence states within ~3.5 eV of the VBM shift
in binding energy as the photon energy {s varied
(Figure 1). Such dispersion with hv is charac-
teristic of direct transitions between extended
states [9]. As {indicated in Figure 1, the emis-
sion from the upper portion of the valence bands
shows similar features for all compositions.
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Fig. 1. Photon energy dependence of the
valence band emission of Hgy_,Cd, Te

The mainly metal s-electron derived scates tn
the reglion 4 to 6 eV below the VBM show little
or no dispersfon with photon energy but exhibit
stronger compositional dependence then the up—
per, p-like bands [(8). The emission from this
region is shown in Figure 2, where it i3 com-
pared to the density of states in this energy
range calculated in both the VCA and coherent
potential schemes. The experimental and theo-
retical curves are aligned by superimposing the
leading edge of the measured electron distribu-
tion with the VBM given by the calculations.
Broadening has not been applied to the calcu-
lated curves nor background corrections made to
the measured ones. As can be seen iln the fig-
ure, the general experimental features and
trends {n the alloys are predicted well by the
CPA but not by the VCA. In the virtual crystal
case, a single sharp peak i{s predicted which re-
mains sharp and shifts monotomically with de-
creasing Cd content. The UPS data show {nstead
a broadening of the band as Hg is added and a

52

VIATUAL CRYSTAL COMERENT POTENTIAL
APPROXIMATION APPROXIMATION

P
-~
s .
2039
I
3 |
i |
H R R =
“ A A L d !
CETEYED
z 1 |
3 |
z ! ==
2 IRAN . .-
e - i
. N : L . I
Leni ) i
|
|
1
- i
. o J

ENERGY — ev
—— THEQRETICAL
EXPERIMENT AL
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decrease {n emission near -4.6 eV as the Cd con-
tent {s reduced. This behavior is reproduced by
the structure in the CPA density of states: The
peaks at -5.6 and -4.2 eV fn the x = 0.31 curve
arise from Hg and Cd valence s-electrons, re-
spectively, while the center peak near -5.0 eV
{s of catfon p~character and exhibits VCA-1like
movement with x.

In addicion to the separate contributions of Hg
and Cd valence s-electrons to the electronic
structure, the differences {n Hg-Te and Cd-Te
bonds are manifest in the change in binding en-
ergy relative to the valence band maximum of the
Cd 44 and Hg 5d core levels. Figure 3, showing
spectra recorded at 21 eV, details the location
of these core levels relative to the VBM for the
four samples studied. A spectrum obtained with
hy » 21.2 eV from cleaved (110) HgTe is also
shown. The peaks at -7.9 and -9.6 eV in the
alloy arise from the gpin-orbit split Hg 5d levw
els, while the Cd 4d lines appear around -10.4
eV and are split by 0.6 eV, Apparent in Figure
3 {n a shift of 0.2 eV to higher binding energy
of the Cd d-levels in going from CdTe to the x =
0.39 alloy and a smaller decrease in binding en-
ergy of the Hg 5d lines between HgTe and the
alloys. The Cd and Hg contributions to the bond-
ing, therefore, vary as the average composition
changes.
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Fig. 3. Comparison of valence band and
cation core level emission.

4. DISCUSSION

The breakdown of the VCA as well as the varia-
tion in the alloy bandgap are consequences of
the difference in cation valence electron s-
state energy and can be understood by constder—
ing atomic Cd and Hg. The Hg 6s electrons are
bound 1.4 eV more strongly than the 53 electrons
{n Cd {10] while the p-state energles are nearly
equal. The increase in binding energy arises
from relativistic interactions which more
strongly affect s~ than p-orbitals and are
greater in the higher Z Hg. The role of the
cation s-electron in determining the bandgap in
the alloy 1s illustrated by a model calculation
of the band structure [1] performed within the
VCA where the bands for HgTe were made to ap—
proximate those of CdTe by shifting the energy
of the cation s-state. That this s-shift arise
from relativistic interactions became clear by
evaluating the contribution to the calzulated
energy of the states at the band edge from terms
in a relativistic Hamiltonian used in a tight
binding calculation of the alloy bsnd structure
[3]. Away from the band edges, the difference in
cation s-state energy results {(n separate con-
tributions to the elctronic structure and the
breakdown of the VCA. Because the Hg valence
electrons are more tightly bound, bond formation
with Cd may be favored. The shift {n energy of
the Cd 4d and Hg 5d core lines as the Hg content
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increases i{s consistent with this view, with the
Cd-Te bond becoming more ionic. A variation {n
the separstion of Hg and Cd d-levels as a func-
tion of composition has been observed in HgCd
alloys {11]; the explanation of this effect as
due to d~band overlap is unlikely to apply to
the case of Hgl_xCdee. vhere the cations are
second neighbors. Size effects may also contri-
bute to the reduced Hg-Te dond strength [12].

The ease with which lattice defects are formed
and the difficulty of growth of alloys with low
Cd content may be a consequence of the increased
difference in cation bonding. Because the vari-
ation in bandgap and breakdown of the VCA arise
from the same feature, the large difference in
cation valence electron binding energy, these
difficulties will likely occur in other semicon-
ductor alloy systems where the bandgap varies
over such a large range.
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Photoemission results from some (110) cleaved surfaces of Hg, _, Cd, Te indicate that the Fermi
level is pinned suggesting that while the bulk of the material is p type the area stressed during
cleavage has been converted to n type. Electrolyte electroreflectance (EER) measurement
confirmed the n-type character of the cleaved surface and showed that the alloy composition x at
the surface, after cleavage, is high (x = 0.22) compau.d to the bulk value (x = 0.185). The high x
value associated with the n character indicates that under stress the Hg migrates, at least partially,
via the formation of donor defects. The defect density is reflected in the EER linewidth.

PACS numbers: 78.50.Ge, 79.60.Eq

The treatment of Hg, _, Cd, Te (MCT) surfaces is deli-
cate because of the intrinsic fragility of the matenal. By cou-
pling photoemission with electrolyte electrorefiectance
(EER) studies we have been able to analyze the response of
MCT to mechanical shock, and conclude that under stress
mercury tends to migrate, at least in part, via charged defects
conferring an n character to the matenal.

In the photoemission expenments, the surface Fermi
level position was measured' for (110} faces of MCT pre-
pared by cleaving in vacuum.” In addition, the composition
of the surface region was monitored for extended periods
after cleaving® for comparison to surfaces prepared in vacu-
um in another way.* A cleavage surface was transported
through air for EER analysis of both the cleavage face and
the side of the crystal, which had been prepared by cutting,
mechanical polishing, and etching prior to cleaving. OQur ab-
jective in comparing the cleaved and polished faces as well as
the vacuum prepared surfaces is to begin to gain insight into
the critical problem of “‘damage™ in MCT and its surface.
Such knowledge is essential to economic utilization of the
unique properties of MCT in infrared imaging and other
possible electronic systems.

In Fig. 1, we present an energy distribution curve
(EDC) obtained by cleaving and measuring a MCT crystal in
uitrahigh vacuum (UHV), While this curve was obtained
from a different sample than that examined by EER, the
behavior is the same as that of the EER sample and represen-
tative of several cleaves. The material cleaved was p type;
however, as can be seen from Fig. 1, the surface position of
the Fermi level was well above the expected bulk position,
indicating that the surface had been converted from p to n
type by the mechanical shock due to the cleavage.

Using the intensities of the Cd and Hg core levels, the
Hg loss due to the surface damage could be detected, if it
occurred, after cleavage. No loss was observed after many

* Thus research was supported by the Defense Advanced Research Projects
Agency under contract No. MDA -903-80-C-0090 and No. MDA -903-82-
C-0506.
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hours.? In contrast, for a surface cleaned in UHV by a “spin-
ning razor blade™ a continuous loss of Hg over many hours
and a depletion up to depths of 5 u {at 330 K) has been
reported.” Thus, the cleaving and “spinning razor blade”
clearly appear to produce different degrees of damage.

The cleaved and polished surfaces also exhibit different
amounts of damage. As we will see EER gives considerable
detail about the surface region. Thus, the majority of this
letter will concentrate on results obtained by that method.

We have conducted three sets of EER experiments on
the £, interband transition of a cleaved MCT crystal. The
experimental system has been described earlier’ and need
not be detailed here. It has been shown® that the EER line
shape L (E) can be represented by the expression

L\E)=Re[ce®(E, — E+il")""].

where the magnitude c and the phase 6 are parameters which
vary very little with the incident light energy £ and are
usually considered constant in the fit of EER line shapes.
The interband transition energy E, and the broadening pa-
rameter are the two other parameters to fit. The exponent n
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FIG. 1. Upper valence-band emission from Hg, ,, Cd, ,; Te: the number of
electrons per second detected is plotted against the electron initial state en-
ergy with the origin set to the valence-band maximum. The expected bulk
Fermi level position and measured Fermi level at the surface are shown.
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TABLE I. Summary of results obtained by fitting the EER line shapes in three cases: the case of the cleaved (110) face before damage removal: the case of the
cleaved (110) face after damage removal; the case of a polished side surface of the same sample.

Results 2] E, ineV x CineVY Type
Before damage 0.5+02 2.314 + 0.004 0.220 + 0.004 0.111 + 0.005 n
removal

After damage 02+02 2.289 + 0.004 0.188 + 0.004 0.084 + 0.005 P
removal

From the 22+02 2.284 + 0.004 0.181 + 0.004 0.167 + 0.005 p.n
polished side

surface

is determined by the symmetry of the critical point in the
Brillouin zone. We have found that the exponent fitting best
all MCT results is n = 2.5 which corresponds to a tridimen-
sional point. This is expected for the E, interband transition
in most [I-VI and I11-V semiconductors.

The first set of experiments was carried out on the
cleaved surface (~4 X4 mm). Many spectra were taken at
various points on the surface with a finely focused beam
{~ 130u) and the line shapes fully analyzed. The results were
very consistent, indicating a good uniformity of properties
for the overall sample. The average values of the parameter
are given, in the first line of the table, with their standard
deviations. The alloy composition x was determined using
the relationship E, vs x established earlier.’

The second set of experiments was carried out exactly in
the same manner and within the same area. The only differ-
ence was the removal of ~2 u of material by the standard
2% Br./methanol jet-etch. The topography of the sample
under the metallographic microscope was unchanged. The
purpose of the etch was to remove the cleavage damage.
After anodization, carried out so as to form an oxide layer
~150 A thick,” the results were very consistent. They are
listed in the second line of Table I with their standard devia-
tions.

Finally, since the sample was essentially acube 4 x 4 x 4
mm it was possible to carry out a third set of experiments on
a side face of the sample which had been normally prepared
by cutting, polishing, and etching. Here, we submitied the
surface to a check of uniformity in depth as well as laterally
through repeated jet-etching/anodization steps of the type
used to remove the cleavage damage. Again, the results were
very consistent and are summarized in the third line of Table
L

Representative runs from the first two sets of experi-
ments are shown in Fig. 1. As can be seen, the line shapes are
inverted one with respect to the other. Since it has already
been shown® that, in the low field limit, the EER signal is
given by

AR /R =¢gNV,_L|E),
where ¢ is the sign of the minority carriers, vV the carrier
concentration, V¥, the modulation voltage, and L (E) the
EER line shape, this result clearly shows that the surface of

the cleavage fracture is inverted and has an n character con-
sistent with the photoemission results.
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As can be seen in Table [ the surface inversion observed
after cleavage is associated with a high x value { ~0.22) when
compared to the value measured after removal of the clea-
vage damage (~0.188) or on the side surface, whether jet-
etched or not ( ~0.181). The difference is well outside experi-
mental error and indicates mercury impoverishment of the
stressed volume. It is probable that mercury has actually
migrated under stress and diffused out of the surface. Our
results suggest that the mercury diffusion occurs, at least
partially, via charged defects conferring an n character to the
material.

The broadening parameter I is primarily affected by
lattice defects such as disorder, vacancies, dislocation, etc.®
and with a soft material such as MCT reflects very sensitive-
ly the response of the surface to treatment. As can be seen in
Table I, the results are edifying. A surface developed by clea-
vage exhibits a value of I ~0.111 eV while a surface devel-
oped by cutting, polishing, and etching still exhibits treat-

10.0 - T T

e e ¢ Expenment
Fitted curve

5.0 - After removal of

cleavage damage

00

ELECTROREFLECTANCE

.50|— Betore removal of
cleavage damage

-10 00 1 1 it L I
200 210 220 2.30 240 250 260

ENERGY IN ELECTRON VOLTS

FIG 2. EER data and fitted line shape. The traces presented here were
obtained on the cleaved (110) face before and after removal of the damage.
The line shapes are clearly inverted with respect to one another reflecting
the change in the type of the minonty camers.
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ment damage as shown by the large value of ' ~0.167 eV.
After removal of the cleavage damage I is of the order of
0.084 eV, a value not too different from that determined for
defect-free GaAs surfaces® (I"~0.060 eV). Repeated jet-
etching/anodization steps of the side surface to a depth of
~ 17 u (third set of experiments), however, failed to remove
entirely the damage generated by the chemomechanical po-
lish and while there was some decrease of I~ its value
(~0.142 eV) remained much higher than 0.084 eV. In other
words, conventional surface preparation of MCT seems to
generate very deep damage which clearly affects electronic
properties and is not easily removed. In our case the manner
in which the sample was held during cleavage may have
made an additional contribution to damage on the polished
side face, but the value of I" we observe here is not too differ-
ent from the values we have observed on other samples
which had not been cleaved.

Another interesting feature of the third set of experi-
ments is the value of §. The phase angle 8is a quantity related
primarily to the strength of the electron-hole interaction and
to the order of the critical point in the Brillouin zone contrib-
uting to the interband transition.’ The value of § yielded by
the results obtained on the conventionally prepared side sur-
face is 8~ 2.2; this value is quite consistent with the results
we have obtained with a multitude of samples of different
origins similarly prepared. However, it is very different from
the value of 0.2 obtained from the cleaved surface.

This last result requires more study but one could sug-
gest at least two possiblities. The first 1s a mixing of the M,
and M, contributions as was concluded in an earlier ther-
moreflectance work. '’ The difficulty with this hypothesis 1s
that this mixing would have to result from damage, since it is
absent from the results obtained in the first and second sets
of expeniments (cleaved surface), and that seems unlikely. A
more plausible hypothesis, one which would be consistent
with all our results, is that the value of &~ 2.2 resuits from
superposed signals from primarily n and primarily p areas
having different defect densities. In other words, damage
seems associated with Hg migration and with the formation
of n-type domains in the midst of the p-type bulk. This would
not be observed in photoemission since the technique is ap-
plied to clean surfaces obtained by cleavage in ultrahigh
vacuum and not to surface prepared conventionally.

Putting together the results reported here, considerable
insight can be obtained into the type of surface (and perhaps
bulk) damage which can be produced in MCT. The effect of
cleavage in UHYV is especially striking. The region within 2
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pm or less of the surface is transformed to n type and has a
higher Cd content when compared to the polished surface.
The “pulsed’ mechanical shock of the cleave results in elec-
trically active defects {possibly Hg interstitials) and may pro-
duce a loss of Hg from the surface region. Relaxation of the
lattice following the momentary cleavage shock is sufficient
to yield a high degree of perfection, as indicated by the low
value of I" and lack of subsequent Hg out diffusion. The
region 2 u below the surface is surprisingly perfect
{I" = 0.084 + 0.005) and has a higher Hg content.

In contrast to the cleaved surfaces are those produced
by polishing the same crystal. Here, no uniform type conver-
sion takes place and a larger Hg content is observed than in
the near surface region of the cleaved crystal. Rather, the
value suggests that both n and p regions coexist with differ-
ent defect densities. Thus, there may be a large degree of
local damage and nonuniformity. This is also reflected by the
large value of I'({0.167 eV). It is important to note the
linewidth is still large (0.142 eV) after 17 u of MCT has been
etched away.

This work emphasizes the large amount of damage
which can be introduced into MCT by conventional techni-
ques such as polishing. It also shows that other methods of
surface preparation such as cleaving introduce much less
and different types of damage. Perhaps the most significant
conclusions in this work are those emphasizing the impor-
tance of “surface’™ and other damages in practical MCT ap-
plications. We hope that they will stimulate more extensive
studies of damage mechanisms and structures.
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Section 3
CONCLUSION

The bulk property which makes Hgl_xCdee of such interest, the variation in
bandgap as Hg is substituted for Cd, arises from the ~l.4 eV difference in
binding energy of the valence s-electrons in atomic Hg and Cd. (The Hg 6s
electrons are more tightly bound due to the importance of relativistic terms in
the higher Z Hg.) The states at the conduction band minimum (CBM) are prima-
rily cation s-states, and thus the CBM position is sensitive to x-value,2* In
order to obtain the large range of bandgap variation such as exhibited by
HgCdTe, a large difference in valence electron energy for the randomly substi-
tuted elements is required. 1In Hgl_anxTe, for example, the Mn ahd Hg valence
electrons are even more widely separated than are those of Cd and Hg, with the
result that the bandgap increases nearly twice as fast if Mn is substituted in
HgTe than if Cd 1s used.?5

The difference in electron energy in Hg and Cd results in differences in
the bonding of HgTe and CdTe,26 with weaker bond formation in the former case.
Through the use of photoemission spectroscopy to probe the electronic structure
of HgCdTe, we have observed that a difference in the bonding of Hg and Cd re-
mains in the alloy, as evidenced by distinguishable Hg and Cd s-electron con-
tributions to the valence bands of the solid.?’ This finding is at ods with
previous theoretical treatments of the alloy electronic structure. Within the
virtual crystal approximation (VCA), Hg-Te and Cd-Te bonds are rendered indis-
tinguishable by calculating the band strtucture using a compositionally
weighted average for the cation potential. Recent calculations 28-29 performed
in the coherent potential approximately include the difference in Hg and Cd
potential and correctly predict the behavior observed in the photoemission
spectra.

The breakdown of the VCA in the s-electron contribution to the bonding of
Hg and Cd has two important implications, It is likely the difficult materials
problems assoclated with the alloy are a result of the weakness of the Hg-Te
bond compared to that between Cd and Te.30 The chemical shifts of the Hg 5d and
Cd 4d core levels as a function of alloy composition observed in the photoemis-
sion data3! as well as shifts in the NMR signals of Hg and Cd in the alloy32
suggest the Cd-Te band becomes more ionic as Hg 1s added. This second neighbor
effect is expected to further differentiate the bond strengths., A second,
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related consequence of the breakdown of the VCA in the s-derived states deep in
the valence band follows from the requirement of a large valence electron bind-
ing energy difference to produce a strong compositional dependence of the
energy gap. Because the difficult materials properties have the same origin as
the desired bandgap variation, any alloy system exhibiting an x-dependence of
bandgap over a wide range may manifest similar difficulties in material

growth,

One materials problem of special interest in HgCdTe is the high mobility of
Hg in the lattice coupled with the ease of plastically deforming the al-
loy.33‘35 Samples of n~-type HgO.SCdO.ZTe prepared by milling with a spinning
razor blade in vacuum were reported to lose 257 of the Hg in the surface region
in 3 hours at room temperature, 36 with Hg depletion occurring over a depth of
1000A. Samples of p~type HgCdTe of the same compesition prepared by cleaving
in vacuum and monitored for tens of hours were found to be stable with regard
to room temperature Hg loss.37 To determine if subsurface microstructure in-
troduced by the billing procedure could be responsible for the massive Hg loss,
a p-type sample which had been cleaved was subsequently ground on a rotating
diamond impregnated wheel in vacuum., The surface prepared in this way exhib-
ited the same stability against Hg loss as was the one with simple cleavage.
While damage to the material can enhance the Hg mobility as a result of the
introduction of dislocations along which the Hg may rapidly migrate, the source
of the Hg instability in one case and the lack of Hg loss in our measurements
remains undetermined and an important issue in understanding the alloy proper-
ties.

As indicated above, the effects of damage to the alloy can be quite subtle.
From direct measurement of the Fermi level position at the surface using photo-
emission techniques, it is usually observed that the surface produced by cleav-
ing a p-type sample of solid state recrystallized HgCdTe is converted to n-type
due to the mechanical chock of cleaving.38-39 Type conversion is observed when
p-HgCdTe is doped by ion bombardment; that this effect is due to some type of
defect creation is evidenced by the fact that junction formation occurs inde-
pendent of the implanted species and extends to a depth much greater than the
range of the implant.“?

Because of the high mobility of Hg in the lattice and the propagation of
defects from the surface to some depth in the bulk, traditional surface proper-

ties must be considered in a broader context. One such property is the
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reaction of the clean surface with oxygen. Like other II-VI compounds, HgCdTe
is considerably more inert than group IV or III-V semiconductors as regards
uptake of oxygen in the molecular ground state, The sticking coefficient for
0, on the cleaved (110) surface is less than 10713, %! In the case of oxidation
stimulated by exposure of the clean surface to oxygen activated by operating a
hot filament ionization gauge, a complex oxide containing Te and Cd is formed

| while Hg is released by the process, Continued study of native oxide formation
is important to shed light on the chemistry of the alloy surface and communica-

tion of surface phenomena with the bulk.
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